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PREFACE 


This  report  was  prepared  by  Sanford  Fleeter,  Robert  L. 
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This  report  describes  the  work  conducted  under  this  nroaram 

Pr!"nr9  th!!  per!i°d  December  1973  through  January  1975. 
Prior  work  conducteci  under  this  contract  during  the  period 
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SECTION  I 
INTRODUCTION 


Detroit  Diesel  Allison  has  designed,  fabricated,  and  tested 
a  linear,  stationary,  supersonic  compressor  cascade  with 
blades  of  constant  spanwise  geometry  and  constant  thickness 
linear  sidewalls.  The  objective  of  this  program  has  been  to 
obtain  cascade-type  aerodynamic  performance  data  and  also 
laser  velocimeter  measurements  of  the  flow  within  and  around 
a  cascade  of  a  selected  blade  element  from  the  latest  com¬ 
pressor  configuration  resulting  from  the  Aerospace  Research 
Laboratories  in-house  program  of  research  on  axial  compressors 
described  in  Reference  1. 

The  DDA  cascade  consists  of  six  blades  with  a  design  inlet 
relative  Mach  number  value  of  1.616.  The  inlet  relative 
axial  component  Mach  number  was  subsonic.  As  laser  veloci¬ 
meter  measurements  and  schlieren  photography  were  important 
features  of  this  research  program,  a  two-dimensional  linear 
test  was  chosen.  Porous  bleed  strips  which  are  not  optically 
restrictive  were  used  to  remove  the  sidewall  boundary  layers. 

The  cascade  was  fully  instrumented,  including  static  pressure 
taps  (sidewall  inlet,  blade  surface,  and  exit  sidewall), 
inlet  total  pressure  and  temperature  instrumentation, 
traversing  cone  probe  in  the  exit  flow  field,  test  section 
angular  position,  probe  position,  and  laser  velocimeter. 
Experimental  data  from  all  of  the  instrumentation  were  ob¬ 
tained  with  an  on-line  computer  controlled  data  acquisition 
system.  Schlieren  photography  was  also  used  to  obtain 
important  information  on  cascade  flow  conditions. 

Cascade  performance  data  were  obtained  at  24  flow  conditions 
which  consisted  of  9,  8,  and  7  static  pressure  ratios  at 
each  of  three  relative  Mach  numbers  corresponding  to  95%, 

100%,  and  105%  design  speed,  respectively.  The  Mach  numbers 
were  1.535,  1.616,  and  1.683.  After  the  completion  of  this 
work,  the  center  portion  of  one  of  the  plexiglas  windows 
was  replaced  with  a  glass  insert,  and  the  laser  velocimeter 
measurements  were  made.  At  the  design  inlet  Mach  number 
b 1 ade-to-b 1 ade  traverses  were  made  across  the  central  flow 
passage  at  the  cascade  inlet  plane,  at  two  passage  planes, 
and  at  the  cascade  exit  plane.  Each  of  these  traverses 
consisted  of  ten  measurements.  In  addition,  as  a  part  of 
the  DDA  Independent  Research  and  Development  program, 
traverses  were  made  at  the  same  location  as  the  cone  probe 
and  also  at  mid-spacing  in  the  chordwise  direction.  These 
measurements  were  completed  at  two  cascade  static  pressure 
ratios  representative  of  a  low  and  a  high  static  pressure  ratio. 
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This  report  describes  the  above  work  and  includes  informa¬ 
tion  about  the  cascade  design,  instrumentation,  data  reduc¬ 
tion  procedures,  and  correlates  the  performance  test  results 
with  the  design  characteri st i cs .  Appendices  cover  redefinition 
of  the  rotor  geometry,  data  reduction  equations,  an  explana¬ 
tion  of  the  format  for  each  data  set,  th®  24  cascade  perfor¬ 
mance  data  sets,  and  tables  of  laser  velocimeter  results. 


CASCADE  DESIGN 


wfnd^Mnr^?  cf  de?f9^d  to  operated  In  the  supersonic 

of  filtered  Fl,9“re  *  Th'S  tunnel  uses  10  lb/sec 

_  red’  dried,  and  temperature  controlled  air  and  is  in 

test  secHon  °?’  non:r®t“rn  type  system.  The  exit  of  the 
:  .  sect  1 ?n  «s  evacuated  by  steam  ejectors  which  can  mair>- 

Th^hn0  HXlt  ?ressurf  of  6  Psia  at  a  flow  rate  of  10  lb/sec 
The  boundary  layers  from  the  nozzle  blocks  are  removed 

stI^b  the  upper  and  lower  bleed  ducts.  An  auxiliary 

The^ c!°r  15  -Sed  t?  r?move  s '  dewal  1  boundary  layers. 

The  test  section  is  mechanized  so  that  a  cascade  of  airfoiR 
can  be  rotated  while  the  tunnel  is  operating  airfoils 


A  number  of  general  factors  should  be  considered  in  the 
design  °f  a  cascade  experiment  for  investigation  of  the 

First0  ronslhB^t- CS  f°r  *k'5  -ype  of  cowP ressor  blading. 
„r?!’  ?°nsideration  must  be  given  to  establishing  the 


proper  in, et  flow  conditions  5  i  it  51  inllt  vilocitv 

si*  anJ  s  i  mu  1  at  ion  of  an  infinite  5a«ade 


Second,  consideration  must  be  given  to  the 
modifications  of  the  rotor  blade  geometry  so  as  to  lead  to 
some  degree  of  equivalency  when  converted  from  the  three- 

ThTrd S '  fhf  ™l°r  d!?i?n  to  the  two-dimensional  cascade. 
Third,  the  exit  conditions  must  be  set  up  correctlv  for  thev 

fahra„n?h'e-S,Tp?rant-  or  less  difficult^  simulate  properW 

shonlahk  '!  condll:i°ns-  Finally,  the  experiment  V 

in  fLS'?h  t0  Y,e  d  the  des '  red  information  in  its 
tinal  form  at  the  conclusion  of  the  experiment  i  e  with 

parameters  of  interest  calculated  and ,  ^Ides  !  ^  i  e 


With  respect  to  the  cascade  inlet  conditions  cons  iderat- ;  nn 
e  9ive2  to  flow  velocity,  flow  d  i  ratlin'  ™n5  ?he 

cascade  UPThe  fnllll'-'1"?  f'°w  p'3ttern  to  simulate  an  infinite 
a •  .  lowing  features  are  incorporated  in  the 

^ndiHons!'9"  m  °  r  t0  provide  the  desired  inlet  flow 


unsJrSam  o?d?h‘  A  5h?rP  wedge  is  independently  mounted 
upstream  oi  the  cascade.  The  inlet  flow  direction  i  <; 

?he' airfoil ?hrie"tati?n  ?f,the  wedge  with  respect 
CO  the  airfoils.  The  cascade  inlet  Mach  number  is 
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SIDEWALL  BLEED  DUCT 
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Figure  1.  Overall  View  of  Supersonic  Kind  Tunnel  with  Cascade  Assembly  288701 
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determined  by  the  orientation  of  the  wedge  with  respect 
to  the  nozzle  flow.  The  cascade  inlet  velocity  is 
controlled  by  either  expanding  or  shocking  the  nozzle 
rlow  off  of  the  wedge.  This  is  accomplished  by  rotatinq 
the  test  section  with  respect  to  the  nozzle. 

•  Sidewall  boundary  layer  control.  The  wind  tumel  side- 
wall  boundary  layer  control  system  has  the  capability  of 
removing  the  boundary  layers  on  all  four  tunnel  sidewalls 
prior  to  the  flow's  entering  the  cascade  test  section. 

The  supersonic  nozzle  boundary  layers  are  removed  by  utiliz¬ 
ing  a  bjeed  system  (top  and  bottom).  In  order  to  obtain 
the  desired  two-dimensional  cascade  configuration  and 
control  sidewall  boundary  layer-cascade  interactions,  a 
sidewall  boundary  layer  control  system  is  also  employed. 

As  laser  velocimeter  measurements  and  schlieren  photo¬ 
graphs  are  a  major  part  of  the  research  program,  porous 
bleed  strips  are  used  upstream  of  the  windows,  as  they  are 
not  optically  restrictive. 

•  Static  pressure  taps.  An  important  aspect  of  the  inlet 
flow  problem  is  the  ability  to  verify  that  the  conditions 
desired  have,  in  fact,  been  achieved.  For  this  purpose, 
there  were  six  static  pressure  taps  in  one  sidewall 
approximately  0.25  in.  ahead  of  the  leadinq  edqe  of  each 
blade. 


©  Schlieren  system.  The  schlieren  system  is  used  to  verify 
the  inlet,  passage,  and  exit  flow  fields,  tie  flow  off 
the  wedge,  and  the  operation  of  the  top  and  bottom  bleed 
system.  It  also  canbe  employed  to  indicate  when  the 
cascade  spill  conditions  have  been  reached. 


The  cascade  tested  was  intended  to  represent  the  two-dimensional 
aerodynamic  equivalent  of  the  rotor  blade  section  correspond¬ 
ing  to  streamline  19  of  the  ARL-designed  compressor  described 
in  Reference  1.  Since  LV  measurements  within  and  around  the 
cascade  were  a  major  feature  of  this  research  program  and 
schlieren  photographs  were  also  desired,  a  two-dimensional 
test  was  chosen  (in  contrast  to  a  quas i -three-dimens i onal 
test  with  converged  sidewalls  as  described  in  Reference  2) 
because  of  practical  and  economic  considerations  related  to 
the  required  optically  transparent  sidewalls.  A  modification 
to  the  geometry  to  simulate  the  three-dimensional  conditions 
when  tested  in  two-dimensions  was  considered  feasible  because 
of  the  moderate  area  contraction  ratio  of  the  adjacent 
streamtubes  —  about  11.3  percent. 


The  original  set  of  parameters  supplied  by  ARL  desc 
streamline  19  of  the  rotor  were  converted  by  DDA  to 
dimensional  equivalent  cascade  configuration.  This 


ri  bi ng 
a  two- 
convers  i  on 
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was  accomplished  by  duplicating  the  rotor  inlet  and  exit  Mach 
numbers,  Mi  and  M2»  and  determining  the  cascade  inlet  and 

exit  flow  Jingles,  p,  and  p„,  from  the  Tan  P  rule  qiven  in 
Eq.  1:  1  z  co  a 

Tan  p.  +  Tan  pA  / Tan  P,  +  Tan  pA 

- - i  s  ran  0.  -  - ! - 2  (1 

'  'Rotor  \  2  /  Cascade 

ARL  then  slightly  modified  the  flow  parameters  so  as  to 
result  in  a  close  correlation  of  static  pressure  distri¬ 
bution  between  the  design  rotor  streamline  and  the  final 
two-dimensional  cascade.  Table  I  presents  a  comparison  of 
the  overall  parameters  of  rotor  streamline  19,  the  original 
DDA  two-dimensional  cascade  design,  and  the  final  equivalent 
cascade  configuration  which  was  tested. 


TABLE  I 

COMPARISON  OF  STREAMLINE  19  OF  THE  ARL 
ROTOR  AND  THE  2-D  CASCADE  CONFIGURATION 


PARAMETER 

STREAMLINE  19 

OF  ROTOR 

2-D  CASCADE 
(INITIAL  DDA 
DESIGN) 

2-D  CASCADE 
(ARL  FINAL 
DESIGN) 

M, 

1.6117 

1 .6117 

1  .6117 

55.582 

55.85 

55.85 

m2 

.8809 

.8809 

.8833 

53.934 

56.93 

56.752 

p?/P, 

2.1594 

2.159 

2.154 

W2/W| 

.6274 

.6269 

.62827 

Wrr^/Wm^ 

.7086 

.6091 

.6136 

V'S 

.5943 

.6349 

.6349 

CO 

.2338 

.2246 

.2246 

a 

1.5294 

1.5294 

1 .5294 

0. 

56.399 

56.399 

56.306 
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Once  the  overall  parameters  describing  the  two-dimensional 
blade  characteristics  had  been  established,  the  detailed 
redefinition  of  the  blade  geometry  was  accomplished  by  the 
ARL  compressor  design  group.  A  description  of  the  ARL  re¬ 
definition  of  rotor  streamline  19  is  presented  in  Appendix  A. 

The  cascade  must  be  designed  so  that  the  exit  will  have  the 
correct  velocity  and  flow  direction  and  be  characteri zed  by 
periodic  spatial  flow  conditions.  The  application  of  back 
pressure  must  be  uniform  along  the  cascade  and  should  not 
result  in  non-periodic  flow  conditions.  Moreover,  the  cascade 
must  be  designed  so  that  the  application  of  back  pressure 
does  not  influence  the  inlet  flow  conditions  —  at  least  until 
the  spill  condition  is  reached. 

A  number  of  cascade  exit  configurations  have  been  investigated 
with  the  DDAwind  tunnel  facility.  These  have  included  the 
use  of  single  perforated  tailboards,  double  perforated  tail¬ 
boards,  and  the  use  of  a  dump  diffuser.  It  has  been  found 
that  the  cascade  design  objectives  with  respect  to  the  exit 
flow  can  be  achieved  through  the  use  of  double  perforated 
tailboards.  Best  results  are  obtained  if  the  sixth  blade  in 
the  cascade  serves  as  the  leading  section  of  the  bottom 
tai  lboard . 

Figure  2  shows  a  schematic  of  the  compressor  cascade  configura 
t  i  on. 

As  previously  discussed,  the  blade  profile  was  based  on  the 
geometry  of  streamline  19  of  the  previously  referenced  ARL 
rotor  design.  This  profile  is  shown  schematically  in  Figure 
3.  The  blade  contour  points  are  shown  in  Table  II.  The 
physical  character i st i cs  of  the  cascade  are  shown  in  Table  III 

Figures  4  and  5  show  views  of  the  blade  profile  and  of  the 
instrumented  blade, respectively.  Figure  6  shows  a  view  of 
the  cascade  in  the  wind  tunnel  with  the  glass  insert  in  the 
plexiglas  window  for  the  laser  velocimeter  measurements. 
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COMPRESSOR  CASCADE  SCHEMATIC 


rpJTfpiF  *' ;  1  iPTTSPTn  \  innT'r 


TABLE  I  I 

BLADE  CONTOUR  POINTS 


itUTIOM  IK  VS  3P  tP 


t 

0.0 

0.0 

0.0 

1! 

-0.000858 

0.005087 

0.006661 

3 

0.017358 

0.029973 

0,024148 

k 

O.OJ5559 

0.055383 

0.043650 

$ 

0.053765 

0.081301 

0.063167 

6 

0.071917 

0.107713 

0.082700 

l 

0.090073 

0.134618 

0. 102247 

ft 

0.108216 

0.162017 

0 . 1 2 1809 

<3 

0.126355 

0.189879 

0.141371 

10 

0.166681 

0.218 190 

0.160948 

1! 

0.162608 

0.246950 

0.180524 

12 

0.180719 

0.276113 

0.200116 

J3 

0.198815 

0.305681 

0.219708 

14 

0.216927 

0.335607 

0.239300 

15 

0.235038 

0.365077 

0.258907 

16 

0.253136 

0.396462 

0.278499 

17 

0.271266 

0.427330 

0.298091 

16 

0.289357 

0.458423 

0.317668 

19 

0.307683 

0.489740 

0.337260 

20 

0.325626 

0.521222 

0.356822 

SI 

0.363766 

0.552823 

0.376384 

12 

0.361922 

0.584529 

0.395931 

S3 

0.380093 

0.616295 

0.4)5648 

84 

0.396279 

0.640091 

0.434965 

s5 

0. *116680 

0.679901 

0.654667 

86 

0.4)6696 

0.711682 

0.473955 

*7 

0.452927 

0.74)433 

0.493427 

Si 

0.671173 

0.775139 

0.512869 

29 

0.689669 

0.806755 

0.532297 

JO 

0. $07739 

0.838297 

0.551709 

Jl 

0.526065 

O.B69734 

0.571107 

S2 

0.566381 

0.901081 

0.590474 

33 

0.562731 

0.932308 

0.609827 

J4 

0.581097 

0.963431 

0.629164 

ss 

0.599678 

0.994449 

0.668672 

36 

0.617888 

1  .025)46 

0.667780 

0.6)6313 

1. 056154 

0.687058 

38 

0.656756 

1.086859 

0.706306 

39 

0.673226 

1.117458 

0.725539 

40 

0.691709 

1.147967 

0.744757 

41 

0.710226 

1.175363 

0.763945 

42 

0.728756 

1.100702 

0.783118 

43 

0.767299 

1.238913 

0.802261 

46 

0.765876 

1.269033 

0.821390 

45 

0.786679 

0.003099 

1.299049 

0.840488 

46 

1.328961 

0.859571 

{>? 

0.821769 

1.358768 

0.878625 

48 

0.860628 

1.388470 

0.897649 

49 

0.859123 

1.418067 

0.916657 

50 

0.877867 

0.896602 

1.447530 

1.476888 

0.935636 

0.954585 

52 

0.915)86 

0.934185 

1.506110 

0.973504 

5? 

1.535199 

0.992393 

54 

0.953014 

1. 564167 

1.011266 

55 

0.971873 

1.593001 

1.030110 

56 

0.990763 

1.621702 

1.048924 

s? 

1.009665 

1  .650253 

1.067723 

58 

1 .028615 

1.670683 

1.086478 

59 

1.047608 

1.706965 

1.105187 

60 

1.066647 

1.735096 

1.123853 

61 

1 .085731 

1.763079 

1.142457 

62 

1.104889 

1.790911 

1 . 16IOI7 

1.124106 

1.818593 

1.179487 

66 

1.143399 

1.846128 

1.197913 

65 

1.162767 

1.873526 

1.216233 

66 

1.182209 

1.900761 

1.234494 

H 

1.201756 

1.927876 

1.252650 

68 

1.221394 

1  .954824 

1.270717 

69 

1.241135 

1.981655 

1,280679 

70 

1.26098! 

2.00B322 

1.306520 

71 

1.2809 4 7 

2.034868 

1.324258 

72 

1.3010)2 

2.061264 

’.341876 

2? 

1.321238 

2.087526 

t. 359374 

74 

1.341592 

2.1U639 

1.376722 

75 

1 .362082 

2.139617 

1  .393937 

76 

1.382705 

2.165445 

1 . 6 1 1 0 1 6 

1.403493 

2.191 160 

1.427931 

78 

1.424431 

2.216669 

1.664696 

79 

1.445534 

2.242068 

1.461297 

80 

1.466801 

2.267280 

1.477718 

01 

1.400247 

2.292359 

1.493976 

82 

I.49IUI 

2.290)47 

1.491  111 

0.  OOO/flO 
0.021*799 
0 .0*«93t.  I 
0.071*391 
0.099966 
0.1 2601*8 
0.152610 
0. 179649 
0.207168 
0.235120 
0.263691 
0.292266 
0.321616 
0.350907 
0.300713 
0.4  50709 
0.6611 19 
0.671666 
0.502333 
0.533156 
0.566085 
0.595053 
0.626076 
0.657096 
0.688097 
0.719085 
0.750013 
0.780867 
0.8IIC6I 
0.862365 
0 .  B  7  29  79 
0.903503 
0.933938 
0.966298 
0.996556 
1  .026768 
1.056353 
1.086885 
1.116058 
1.166737 
1.176559 
1.206306 
1.233977 
1.263560 
1.293082 
1.322515 
1.351873 
1.381162 
1.610320 
1.639608 
1. 668392 
1.697272 
1.526061 
1.556766 
1.583326 
1 .61 1816 
1. 660203 
1.668516 
1.696751 
1. 726911 
1.753013 
1.781055 
!  .809068 
1.837069 
1.865016 
1.092968 
1  .920935 
1.968903 
1.976805 
2.006911 
2.032969 
2.061070 
2.089216 
2.117508 
2.165719 
2.176076 
2.202506 
2.231026 
2.259636 
2.200336 
2.290)67 
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TABLE  I  I  I 

CASCADE  PHYSICAL  CHARACTERISTICS 


Chord 

Axial  Chord 
Blade  Spacing 
Blade  Span 

Maximum  Thickness/Chord  Ratio 
Metal  Angle-Leading  Edge  Pressure  Surface 
Metal  Ang 1 e- Lead i ng  Edge  Suction  Surface 
Mean  Camber  Angle- Leading  Edge 
Mean  Camber  Angle-Trailing  Edge 
Stagger  Angle  (Setting  Angle) 

Camber  Angle 
Sol  id i ty 

Probe  Measuring  Station  -  Axial  Distance 
Downstream  of  Trailing  Edge  Plane 


2.733  in. 

1.491  in 

1.787  in. 

3.018  in. 

0.0255 

50.947° 

53.797° 

52.032° 

54.923° 

56.934° 

-  2.891° 

1 .5294 
0,68  in. 


GURE  6.  CLOSE-UP  OF  CASCADE  ASSEMBLY  IN  WIND  TUNNEL 


SECTION  I  I  I 


I NSTRUMENTAT I  ON 


1.  CASCADE  PERFORMANCE 

The  wind  tunnel  used  in  this  program  is  equipped  with  a  sophis¬ 
ticated  instrumentation  system  for  the  investigation  of  airfoil 
aerodynamic  characteristics.  The  instrumentation  system  is 
centered  around  a  laboratory-size  digital  computer  to  provide 
rapid  on-line  data  acquisition  and  reduction.  This  computer 
has  a  22,000  word  core  memory  with  a  16-bit  word  length. 

Memory  cycle  time  is  0.98  usee.  Peripheral  equipment  includes 
a  CRT  terminal,  80  column  line  printer  (350  to  1100  lines  per 
minute) ,  high-speed  punch,  a  high-speed  punched  tape  reader, 
an  X-Y  digital  plotter,  and  a  magnetic  disc  storage  unit 
with  2.5  x  10°  word  capacity.  (See  Figure  7.) 

The  use  of  the  computer  makes  it  possible  to  acquire  raw 
data,  convert  them  to  engineering  units,  and  make  computations 
while  the  experiment  is  in  progress.  This  enables  personnel 
to  evaluate  the  experimental  data  during  the  test  and  results 
in  maximum  collection  of  scientific  and  engineering  informa¬ 
tion  for  any  program  investment.  Decisions  to  repeat  some 
phases  of  the  test  can  be  made  instantly.  Also,  optimum 
running  conditions  can  be  determined  as  well  as  the  need 
for  additional  data  to  make  the  test  more  meaningful  and  nearly 
complete. 

The  computer  is  used  for  control  of  instrumentation,  data 
acquisition,  and  data  reduction.  In  *-he  control  mode,  the 
computer  operates  a  digital  voltmeter,  an  electronic  scanner, 
Scanivalve  stepping  motors,  indexer  for  positioning  the 
conical  probe,  and  the  computer  peripheral  equipment.  During 
wind  tunnel  operation,  the  computer  is  capable  of  acquiring 
automatically  any  data  required  to  determine  the  performance 
characteristics  of  the  cascade  being  tested.  Pressure  measure¬ 
ments  are  obtained  by  utilizing  a  Scanivalve  system  incor¬ 
porating  four  48  port  rotary  valves  (Scanivalves)  providing 
a  total  pressure  measurement  capacity  of  192  pressures. 
Differential  pressure  measurements  are  obtained  from  individual 
pressure  transducers  as  required.  In  addition,  up  to  48  tem¬ 
perature  measurements  are  possible.  Other  necessary  wi nd 
tunnel  data  which  are  measured  by  the  computer  include  test 
section  angular  position  (used  to  define  the  cascade  inlet 
Mach  number  and  flow  direction)  and  conical  probe  position 
(angular,  horizontal,  and  vertical). 

During  data  acquisition,  the  computer  performs  two  additional 
functions  which  can  be  easily  accomplished  by  an  on-line 
data  acquisition  system.  The  first  seven  ports  on  each  of 
the  four  Scanivalves  are  used  for  three  reference  calibration 
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pressures.  Each  time  the  computer  initiates  a  set  of  ores- 
-u re^ read i nqs  the  calibration  pressures  are  measured 

Dressy  re^t-d '  rSat  °n'1in®  cal  Oration  of  the  Scanivalve 
®  5n^d^C?rS‘  Secondly,  the  Wind  tunnel  total 
J.Jnd  total  temperature  are  monitored  during  data 
acquisition  of  each  test  point.  if  the  pressure  or  tem¬ 
perature  varies  outside  a  preset  tolerance,  the  computer 

f or°?ns true t Ions eSGThe  ^  ?ut :of :  1 ' mi  1  readrng(s)  and  waits 
ror  instructions.  The  immediate  data  can  be  rejected  and 

remeasured,  the  data  for  the  complete  test  po'nt  rejected 

and  a  new  set  of  data  initiated,  or  the  out-of- limits  con- 

dition  overridden  and  the  acquisition  of  data  continued. 

The  computer  also  reduces  the  cascade  test  data  on-line. 

A  the. data  are  acquired,  the  computer  analyzes  the  data  to 

the  comnTp^  °nlY  the  t6Su  °Pe  rat '  n9  conditions  but  also 
the  complete  performance  characteristics  of  the  cascade. 

The  desired  test  condition  is  established  manually  The  on- 

thlTtest  ^ond^^^d  lyStem  automatically  completes 

the  test  condition  data  acquisition  and  reduction.  This 

includes  defining  the  cascade  inlet  flow  field  positionina 
“"If'.P™  ;  f  discrete  points  in  the  cascade  passage  9 
to  determine  b i ade-to-bl ade  flow  field  properties  at  the 

condftions'thP^fd3^^?!^  and  mixin9  to  uniform  flow 
nrnnprHpc  ^  b  1  ade "to-b  1  ade  data  to  determine  exit  flow 

sidewal  Lfcd  overa]1  Performance,  instrumented  blade  and 
s  dewall  passage  performance,  and  plotting  of  instrumented 

elnjzmv/  and  b'ade-‘°-tlade  distrfbutiin  of  sheeted 
exit  flow  field  properties.  For  each  test  condition  a  total 

performance  m^urements  are  ™de  to  define  the  cascade 

•  measurements,  calculations,  and  print-out 

m  nutef  requ,re  11  minutes,  and  the  plotting  requires  6 


s-SYSf::'31'" used  with  this  cascade  is 

®  Inlet  total  pressure. 

•  Inlet  total  temperature. 

®  IhprrWaS  ?n?  stat'c  Pressure  tap  on  each  side  of 

the  tunnel  located  upstream  of  the  wedge  wave  system. 

®  !?n  one  ofr  tbe  sidewalls  were  six  static  pressure 

edge  ' 25  ahead  °f  fading 

*  °f  blade  3  and  the  Pressure 
static  prL^rft^t^T^oia^r^^'^p^s 

byad^par^s^13  ^  °"  the  pape  °f  -stinted 
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®  On  one  of  the  sidewalls  approximately  0.87  in. 
axially  downstream  there  were  10  static  pressure 
taps.  One  tap  was  at  each  midpassage  and  four 
others  centered  around  blade  number  3. 

9  A  cone  probe  was  used  to  measure  the  exit  Mach 
number,  pressure,  and  direction  at  discrete  loca- 
tions  across  the  cascade  exit.  Data  were  obtained 
0.68  in.  axially  downstream  from  the  cascade. 

«  Probe  position. 

»  Test  section  rotor  angle. 

•  Schlieren. 


2.  LASER  VELOCIMETER 

The  DDA  supersonic  wind  tunnel  instrumentation  system  in¬ 
cludes  a  two-dimensional  laser  velocimeter  system  (LV) 
which  employs  crossed-beams  and  operates  in  an  off  axis 
back-scatter  mode.  A  two  color  system  is  employed  so  that 
orthogonal  velocity  components  can  be  determined.  The  LV 
system  has  been  interfaced  to  the  wind  tunnel  digital  com¬ 
puter,  provid  i  ng  automated  LV  data  acquisition  and  data 
anal ys i s  . 

A  schematic  of  the  LV  system  is  shown  in  Figure  8.  The 
basic  components  of  the  system  are  a  four  watt  argon  laser, 
transmitting  and  receiving  optics,  photomultiplier  tubes, 
and  an  electronic  frequency  counter  signal  processor.  The 
argon  laser  beam  con  ains  many  spectrographic  lines  of  which 
two  are  predominant  --  a  blue  line  (wavelength  of  488.0  nm) 
and  a  green  line  (wavelength  of  514.5  nm) .  A  prism  is  used 
to  spread  the  laser  beam  into  a  spectrum  of  beams.  The 
desired  blue  and  green  beams  are  intercepted  and  directed 
to  beam  splitters  by  appropriately  positioning  mirrors  in 
the  beam  paths.  The  blue  beam  strikes  a  beam  splitter 
which  divides  it  into  two  parallel  beams  of  equal  intensity 
and  separated  by  a  distance  of  0.799  in.  The  two  parallel 
blue  beams  are  focused  by  the  transmitting  lens  (focal  length 
of  30.0  in.)  at  a  point  within  the  wind  tunnel  test  section. 
The  crossing  of  the  beams  at  the  transmitting  lens  focal 
point  results  in  an  interference  pattern's  being  established 
v/ithin  the  crossover  volume.  This  interference  pattern 
consists  of  alternating  bright  and  dark  regions  or  inter¬ 
ference  fringes.  This  pattern  consists  of  approximately 
twenty-five  (based  on  the  beam  splitter  employed)  fringe 
planes  oriented  perpendicular  to  the  plane  of  the  blue  beams 
and  parallel  to  the  optical  axis. 
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FIGURE  8.  SCHEMATIC  OF  DDA  TWO-DIMENSIONAL 
LASER  VELOCIMETER  SYSTEM 


The  green  laser  beam  passes  through  a  beam  splitter  which 
is  positioned  perpendicular  to  the  plane  of  the  blue  beams. 

The  two  parallel  green  beams  are  then  focused  by  the  trans¬ 
mitting  lens  at  the  same  point  as  the  blue  beams.  This 
results  in  two  overlapping  interference  patterns  oriented 
perpendicular  to  each  other.  The  fringe  spacing  for  the 
green  interference  patterns  is  63.35  micro-feet  and  60.09 
micro-feet  for  the  blue. 

Particles  (naturally  occurring  or  seed)  passing  through  the 
crossover  volume  (focal  region)  will  intercept  the  inter¬ 
ference  fringes.  For  this  experiment,  the  air  flow  was 
artifically  seeded  by  injecting  0.3  micron  diameter  (mean 
particle  size)  alumina  into  the  wind  tunnel  stagnation 
chamber  by  means  of  a  fluidized  bed  seeding  mechanism. 
Illumination  of  the  seed  particle  will  fluctuate  f rom  a 
maximum  to  minimum  as  the  particle  passes  from  fringe  to 
fringe.  The  fluctuating  light  radiation  scattered  by  the 
part i c le( s )  will  consist  of  both  blue  and  green  light.  The 
DDA  LV  system  collects  the  backward  scattered  radiation, 
employing  a  receiving  lens  (focal  length  of  8.0  in.)  posi¬ 
tioned  approximately  27.5  degrees  from  the  transmitting  lens. 
The  receiving  lens  focuses  the  scattered  radiation  to  a 
point.  A  beam  splitter  type  filter  is  placed  between  the 
lens  and  its  focal  point  to  separate  the  blue  and  green 
scattered  light.  The  filter  transmits  the  green  light  and 
reflects  the  blue.  Photomultiplier  tubes  are  positioned 
at  the  focal  points  of  the  blue  and  green  light.  The 
electrical _ s ignal  developed  by  each  of  the  photomultiplier 
tubes  is  sinusoidal  in  nature  and  varies  in  frequency  inverse¬ 
ly  proportional  to  fringe  spacing  and  directly  proportional 
to  that  component  of  particle  velocity  which  is  perpendicular 
to  the  fringe  pattern. 

Thus  the  output  signals  of  the  blue  light  photomultiplier 
tube  and  the  green  light  photomultiplier  tube  provide  suffi¬ 
cient  information  so  that  orthogonal  velocity  components 
(and  therefore  the  resultant  velocity  vector  magnitude  and 
direction)  can  be  determined.  The  photomultiplier  tube 
signals  are  processed  by  a  dual  channel  LV  signal  processor 
of  the  electronic  frequency  counter  type.  In  general  terms, 
each  channel  of  the  processor  consists  of  an  amplifier, 
counter,  and  comparator.  The  processor  amplifies  and 
filters  the  input  signal  from  the  photomultiplier  tube.  It 
incorporates  two  separate  counters  which  determine  particle 
passage  time  for  5  and  8  interference  fringes  by  counting 
the  cycles  of  a  100  MHz  clock.  The  measured  times  are  com¬ 
pared  to  determine  if  they  are  in  the  proper  5  to  8  ratio. 

If  this  ratio  differs  by  more  than  a  preset  amount,  the 
measurement  is  automatically  rejected  and  the  processor 
initiates  another  measurement.  The  comparison  thresnold  is 
switch  selectable.  Valid  data  (passing  the  5  to  8  ratio 
comparison  test)  are  acquired  by  the  wind  tunnel  on-line 
computer  controlled  data  acquisition  system  at  rates  to 
300,000  readings  per  second. 
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Figure  9  is  an  overall  view  of  the  LV  system  positioned  to 
acquire  experimental  data  from  the  ARL  cascade  in  the  DDA 
supersonic  wind  tunnel.  The  LV  system  components  are 
mounted  on  an  optical  bench  which  is  mounted  on  a  modified 
vertical  mill.  The  modified  mill  is  fitted  with  stepping 
motors  so  that  the  blue  and  green  beam  crossover  volume 
(test  volume)  can  be  positioned  in  three  dimensions  within 
the  wind  tunnel  test  section.  Positioning  of  the  LV  test 
volume  at  the  required  traversing  planes  (cascade  inlet, 
interpassage,  and  exit  planes)  and  at  the  discrete  test 
points  along  the  planes  can  be  accompli sned  remotely  from 
the  wind  tunnel  control  room. 


Figure  10  is  a  close-up  view  of  the  LV  components  on  the 
optical  table. 


FIGURE  9.  OVERALL  VIEW  OF  DDA  TW  VELOCIMETER  SYSTEM 


GURE  10.  COMPONENTS  OF  THE  DDA  TWO-DIMENSIONAL  LASER  VELOCIMETER  SYSTEM 


SECTION  IV 


DATA  REDUCTION  PROCEDURES 


1  .  CASCADE  PERFORMANCE 

The  DDA  Research  Department  supersonic  wind  tunnel  on-line 
instrumentation  system  automatically  acquires  data  from  the 
wind  tunnel,  converts  the  data  to  engineering  units,  and 
makes  computations  while  the  experiment  is  in  progress. 

Cascade  experimental  data  and  performance  parameters  can 
be  evaluated  during  the  test  with  the  cascade  operating 
characteristics  available  when  the  test  is  completed. 

The  wind  tunnel  on-line  performance  data  reduction  procedures 
are  described  in  detail  in  Appendix  B.  In  general,  the 
data  reduction  program  calculates  the  following  cascade  per¬ 
formance  parameters-. 

•  Cascade  inlet  flow  field  properties  such  as  inlet 
relative  Mach  number,  axial  and  tangential  Mach 
number,  mass  flow  rate,  incidence  angle,  flow 
direction,  static  and  total  pressure,  total  tem¬ 
perature,  and  Reynolds  number. 

©  Cascade  exit  flow  field  properties  at  discrete 
points  across  the  passage  such  as  conical  probe 
location,  Mach  number,  axial  and  tangential  Mach 
number,  static  and  total  pressure,  total  pressure 
recovery,  flow  direction,  deviation  angle,  and 
turni ng . 

®  Mass-averag i ng  of  discrete  data  (Mach  number,  total 
pressure  recovery,  and  flow  direction)  and  calcula¬ 
tion  of  additional  ex,t  performance  data  such  as 
total  and  static  pressure,  jxial  and  tangential 
Mach  number,  total  to  static  temperature  ratio, 
and  exit  to  inlet  mass  flow  ratio. 

©  Cascade  overall  performance  based  on  mass -averaged 
data  such  as  static  pressure  ratio,  total  pressure 
recovery,  velocity,  density  and  static  temperature 
ratio,  total  pressure  loss  coefficient,  total 
pressure  loss  parameter,  diffusion  factor,  equivalent 
diffusion  factor,  flow  Reynolds  number,  static 
pressure  rise  parameter,  deviation  angle,  turning, 
and  area  ratio. 
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®  Cascade  exit  and  overall  performance  based  on  a 
mixing  loss  analysis  of  the  discrete  data. 

®  Instrumented  blade  data  and  parameters  such  as  local 
surface  static  pressure  parameters,  pressure  ratios, 
net  force  and  moment  on  the  blades,  and  center  of 
pressu  re . 

The  on-line  data  reduction  program  also  includes  computer 
controlled  plotting  of  cascade  performance  parameters.  The 
instrumented  blade  local  surface  static  pressure  rise  para¬ 
meter  is  plotted  along  with  b 1 ade-to-b 1 ade  cascade  exit  per¬ 
formance  data. 

A  detailed  listing  of  performance  data  reduction  equations  is 
presented  in  Appendix  B. 


2.  LASER  VELOCIMETER 

A  typical  set  of  experimental  LV  data  which  was  acquired 
under  this  contract  is  presented  in  Table  IV.  This  data  set 
describes  the  flow  (seed  particle)  velocity  and  direction 
measured  at  a  discrete  point  in  the  cascade  flow  field. 

The  experimental  test  program  was  conducted  with  the  blue 
beam  splitter  (and  hence  blue  light  velocity  vector  component) 
rotated  15.667  degrees  clockwise  from  the  axial  direction. 

It  follows  that  the  green  beam  splitter  (and  green  light 
velocity  vector  component)  was  oriented  15.667  degrees  clock¬ 
wise  from  the  tangential  direction.  This  orientation  was 
chosen  to  maximize  the  velocity  measurement  of  each  component. 

The  wind  tunnel  instrumentation  system  initiates  1,000  measure¬ 
ments  by  the  signal  processor  for  each  of  the  blue  and  green 
beam  velocity  components.  The  experimental  data  returned  by 
the  signal  processor  is  the  number  of  cycles  of  a  100  MHz 
clock  (identified  in  Table  IV  as  Signal  Processor  Counts) 
which  elapsed  for  the  particle  to  cross  eight  fringe  patterns. 
The  velocity  of  the  particle  is  related  to  signal  processor 
counts  by  a  constant  for  converting  clock  counts  to  seconds 
and  the  fringe  spacing  associated  with  either  the  blue  or 
green  beams.  The  experimental  data  for  the  blue  and  green 
velocity  components  are  then  analyzed  to  determine  the  number 
of  occurrences  for  each  clock  count.  As  can  be  seen  from 
Table  IV,  a  distribution  of  clock  counts  and  therefore  measured 
velocity  was  obtained.  This  distribution  is  a  result  of  flow 
field  accelerations  and/or  decelerations,  flow  turbulence, 
particle  dynamics,  etc.  Once  this  table  of  velocity  distri¬ 
butions  has  been  generated,  the  most  probable  blue  or  green 
velocity  vector  component  was  determined  by  weighting  the 
measured  velocity  having  the  maximum  number  of  occurrences 
with  the  two  velocities  immediately  lower  and  higher  than  the 
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TABLE  iV 

TYPICAL  SET  OF  EXPERIMENTAL 
LASER  VELOCIMETER  DATA 


SUPERSONIC  COMPRESSOR  CASCADE 
ARL  2-D  CASCADE 

LASER  VELOCIMETER  DATA 


LASER  BLUE  LINE  LASER  GREEN  LINE 

0RIENTATI0N(REF.AXIAL)=15.67  DEG  OR  I ENTAT I ON( REF .TANG . )  =  1 5.67  DEG 
NUMBER  OF  ME AS UR EM ENTS =70 2  NUMBER  OF  MEASUREMENTS=9 1 7 


SIGNAL 

BLUE  LINE 

NO. 

SIGNAL 

GREEN  LINE 

NO. 

PROCESSOR 

VELOCITY 

OF 

PROCESSOR 

VELOCITY 

OF 

COUNTS 

(FT/SEC) 

OCCUR. 

COUNTS 

(FT/SEC) 

OCCUR. 

41 

1172.49 

1 

44 

115K87 

2 

43 

11 17.95 

1 

46 

1101.79 

1 

44 

1092.55 

5 

48 

1055.88 

3 

45 

1068.27 

19 

49 

1034.34 

12 

46 

1045.04 

44 

50 

1013.65 

92 

47 

1022.81 

94 

51 

993.77 

146 

48 

1001.50 

134 

52 

974.66 

133 

49 

981.06 

101 

53 

956.27 

139 

50 

961.44 

78 

54 

938.56 

78 

51 

942.59 

44 

55 

921.50 

78 

52 

924.46 

32 

56 

905.04 

61 

53 

907.02 

33 

57 

889.17 

34 

54 

890.22 

18 

58 

873.84 

33 

55 

874.04 

24 

59 

859.02 

22 

56 

858.43 

15 

60 

844.71 

22 

57 

843.37 

19 

61 

830.86 

13 

58 

828.83 

10 

62 

817.46 

10 

59 

814.78 

13 

63 

804.48 

14 

60 

801.20 

10 

64 

791.91 

1 1 

61 

788.07 

7 

65 

779.73 

13 

BLUE  LINE 

VELOC 1 TY=998 .68 

FT/SEC 

GREEN  LINE 

VELOC ITY=983. 35 

FT/SEC 

LV  DATA  AT 

CASCADE  1 

NLET  PLANE 

PERCENT 

Y 

AXIAL 

TANGENTIAL 

RESULTANT  FLOW 

CHORD 

(REF. LOCATION) 

VELOCITY 

VELOCITY 

VELOCITY  DIRECTION 

SPACING 

(IN.) 

(FT/SEC) 

(FT/SEC) 

(FT/SEC)  (DEG) 

58.85 

1  .052 

696.03 

1216.51 

1401.55  60 

.22 
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maximum  and  taking  the  arithmetic  mean.  This  technique  of 
determining  the  most  probable  experimental  flow  velocity  is 
required  in  analyzing  data  where  accelerat i ons ,  decelerations, 
part i c i e  dynamics,  and/or  other  phenomena  impart  a  signi- 
i cant  1 y  skewed  and  non-Gaussian  distribution  to  the  data. 
After  determining  the  most  probable  blue  and  green  velocity 
component,  the  resultant  flow  velocity  and  flow  direction 
(referenced  to  axial  direction)  can  be  determined  routinely. 
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SECTION  V 


DISCUSSION  AND  SUMMARY  OF  EXPERIMENTAL  RESULTS 


1.  CASCADE  PERFORMANCE  RESULTS 

As  noted  previously,  the  blade  profile  investigated  in  this 
experiment  was  based  on  the  st reamsu rf ace  geometry  of  stream¬ 
line  19  of  the  referenced  ARL  rotor  design.  The  design 
procedure  for  the  subject  compressor  stage  has  been  discussed 
in  detail  in  Reference  1.  The  re-definition  of  the  stream¬ 
line  geometry  to  yield  an  equivalent  two-dimensional  cascade 
has  been  discussed  herein. 

The  design  inlet  relative  Mach  number  for  the  cascade  was 
1.616.  A  part  speed  and  an  overspeed  value  were  also  in¬ 
vestigated  . 

The  inlet  relative  air  angle  was  determined  experimental  1 y 
at  all  three  relative  Mach  numbers.  This  was  accomplished 
by  examining  the  uniformity  of  the  inlet  flow  as  indicated 
by  the  upstream  wave  system  in  the  schlieren  image  and  by 
the  static  pressure  measurements  on  the  sidewall  upstream  of 
the  leading  edge  of  each  blade.  The  cascade  was  run  with 
several  different  inlet  relative  air  angles  at  each  inlet 
Mach  number  during  the  process  of  determining  the  correct 
experimental  angle.  At  the  design  inlet  Mach  number,  the 
experimental  inlet  relative  air  angle  was”  app roxi mate  1  y  1.4° 
greater  than  design.  This  indicates  that  the  mass  flow 
through  the  cascade  is  somewhat  less  than  design.  Also,  the 
supersonic  compressor  cascade  entrance  region  analysis 
described  in  Reference  3  predicted  an  inlet  relative  air 
angle  that  was  in  near  agreement  with  the  experimental  value  - 
with  the  prediction  0.353°  greater  than  that  determined 
experimentally.  These  inlet  air  angle  results  are  summarized 
in  Table  V. 

The  cascade  flow  characteristics  were  investigated  at  three 
inlet  Mach  numbers,  1.535,  1.616,  and  1.683.  A  number  of 
sets  of  data  were  obtained  over  a  range  of  static  pressure 
ratios  at  each  Mach  number  with  the  cone  probe  located  0.68 
in.  axially  downstream.  A  summary  of  some  of  the  common 
mass  averaged  cascade  performance  parameters  at  each  inlet 
Mach  number  is  shown  in  Table  VI.  The  appropriate  appendix 
for  each  complete  data  set,  which  includes  a  schlieren  photo¬ 
graph  of  the  cascade  wave  system,  is  also  indicated.  Reference 
should  be  made  to  the  appendices  for  detailed  listings  of 
data  and  performance  parameters. 
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TABLE  VI 

SUMMARY  OF  MASS  AVERAGED  PERFORMANCE  PARAMETERS 


P) 2/ P)  1 

MN)  2 

BETA) 2 

OMEGA 

PT) 2/ PT) 1  DF 

TP  LP 

DEV 

MN)  1  = 

1.535  l 

[APPENDIX 

IV) 

1 .190 

1  .386 

58.024 

0.053 

0.961 

0.088 

0.009 

3 

.101 

1.356 

1  .288 

59.268 

0.057 

0.958 

0.147 

0.010 

4 

.345 

1.399 

1.263 

58.983 

0.061 

0.954 

0.165 

0.010 

4 

.060 

1.505 

1.200 

59.948 

0.074 

0.945 

0.205 

0.012 

5 

.025 

1 .686 

1.103 

58.789 

0.087 

0.935 

0.277 

0.015 

3 

.866 

1.970 

0.960 

56.746 

0.106 

0.921 

0.390 

0.019 

1 

.823 

2.003 

0.932 

56.623 

0.124 

0.908 

0.412 

0.022 

1 

.700 

2.035 

0.907 

56,752 

0.139 

0.897 

0.432 

0.025 

1 

.829 

2.076 

0.879 

56.344 

0.150 

0.889 

0.455 

0.027 

1 

.421 

MN)  1  = 

1.616 

(APPENDIX 

V) 

1  .220 

1.454 

58.656 

0.049 

0.963 

0.085 

0.008 

3 

.733 

1  .468 

1.315 

61.204 

0.061 

0.953 

0.162 

0.010 

6 

.281 

1 .672 

1.209 

60.875 

0.074 

0.943 

0.231 

0.012 

5 

.952 

1 .870 

1.112 

59.157 

0.089 

0.932 

0.301 

0.015 

4 

.234 

2.036 

1 .031 

56.408 

0.106 

0.919 

0.365 

0.019 

1 

.485 

2.097 

0.996 

56.113 

0.119 

0.908 

0.392 

0.022 

1 

.137 

2.220 

0.922 

56.892 

0.151 

0.884 

0.446 

0.027 

1 

.969 

2.300 

0.891 

56.839 

0.149 

0.885 

0.470 

0.027 

1 

.916 

MN )  1  = 

1.683 

(APPENDIX 

VI) 

1.119 

1 .575 

56.907 

0.060 

0.953 

0.058 

0.011 

1 

.984 

1.356 

1  .438 

60.399 

0.069 

0.945 

0.120 

0.011 

5 

.476 

1.543 

1.331 

60.372 

0.092 

0.927 

0.183 

0.015 

5 

.449 

1.751 

1.229 

62.019 

0.106 

0.916 

0.243 

0.016 

7 

.096 

1 .982 

1.118 

59  .832 

0.128 

0.899 

0.321 

0.021 

4 

.909 

2.230 

0.997 

57.209 

0.159 

0.874 

0  „41  2 

0.028 

2 

.286 

2.274 

0.984 

57.018 

0.155 

0.878 

0.422 

0.028 

2 

.095 
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TABLE  V 

EXPERIMENTAL  AND  DESIGN  INLET  RELATIVE  AIR  ANGLES 


DDA 

DDA 

ARL 

ANALYTI CAL 

EXPERIMENTAL 

DESIGN 

PREDICTION 

MN)  1 

*1 

*1 

OF  REFERENCE  3 

1.53 

58.0 

1.616 

57.25 

55.85 

57.603 

1.683  57.25 


Figures  11,  12,  and  13  show  the  total  pressure  loss  coeffi¬ 
cient,  the  exit  air  angle,  and  the  exit  Mach  number  as  a 
function  of  static  pressure  ratio  for  inlet  Mach  number 
values  of  1.535,  1.616,  and  1  .683,  respecti vely.  The  ARL 
cascade  design  values  presented  in  Table  I  have  also  been 
included  in  Figure  12. 

Figure  12  shows  that  the  ARL  cascade  design  exit  air  angle 
and  exit  Mach  number  are  in  near  agreement  with  the  experi¬ 
mental  data.  The  ARL  cascade  design  total  pressure  loss 
coefficient,  however,  is  seen  to  be  substantially  greater 
than  that  determined  experimentally. 


2.  LASER  VELOCIMETER  RESULTS 

The  experimental  program  conducted  by  DDA  to  investigate 
the  performance  of  the  ARL  compressor  airfoil  cascade  in¬ 
cluded  laser  velocimeter  (LV)  measurements  of  the  cascade 
interpassage  flow  field.  Experimental  LV  data  were  obtained 
at  the  cascade  design  inlet  Mach  number.  Blade  to  blade 
traverses  were  made  across  the  central  flow  passage  (passage 
number  3)  at  the  cascade  inlet  plane,  at  two  chordwise  plane 
locations,  and  at  the  cascade  exit  plane.  At  each  traverse 
plane,  LV  data  were  obtained  for  at  least  ten  discrete 
locations  to  determine  flow  velocity  and  direction.  These 
measurements  were  completed  at  two  cascade  static  pressure 
ratios  representative  of  a  low  and  high  static  pressure  ratio. 
The  cascade  inlet  operating  conditions  for  the  L,V  interpassage 
data  are  presented  in  Table  VII.  The  locations  of  the  four 
interpassage  traverse  planes  are  shown  by  Figure  14.  LV 
data  obtained  at  these  traverse  planes  are  tabulated  and 
presented  in  Tables  XVII  to  XX,  Appendix  G.  All  LV  data 
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FIGURE  12.  CASCADE  PERFORMANCE  PARAMETERS  - 
EXPERIMENTAL  AND  DESIGN  VALUES 
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TABLE  VI  I 

CASCADE  INLET  OPERATING  CONDITIONS  FOR 
LASER  VELOCIMETER  INTERPASSAGE  DATA 


Cascade  Inlet  Mach  No. 

*Blade  No.  3  Mach  No. 

*Blade  No.  3  Velocity  (Ft/Sec) 
*Blade  No.  4  Mach  No. 

*Bl  ade  No.  4  Velocity  (Ft/'Sec) 


Static  Pressure 
Rat i o  =  1 .468 

Static  Pressure 
Ratio  =  2.220 

1 .616 

1.616 

1.591 

1 .340 

1519.6 

1348.9 

1.639 

1.360 

1552.2 

1363.6 

*Blade  3  and  4  inlet  Mach  number  and  velocity  calculations 
were  based  on  sidewall  static  pressure  tap  measurements. 
The  static  taps  are  located  0.25  inches  upstream  of  the 
blade  leading  edge  in  the  chordwise  direction. 
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FIGURE  14.  LASER  VELOCIMETER  DATA  TRAVERSE  PLANE  IDENTIFICATION 
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were  obtained  at  the  passage  mid-span  location  with  0.3 
micron  mean  diameter  alumina  as  a  seed  material. 

LV  data  at  the  cascade  inlet  plane  were  obtained  at  eleven 
discrete  points  along  traverse  plane  A-A'  (see  Figure  14). 
Traverse  plane  A-A'  was  located  0.0449  inch  downstream  of 
the  leading  edge  plane  in  the  chordwise  direction  (1.64% 
chord).  The  LV  data  at  the  inlet  plane  are  summarized  in 
Figure  15. 

The  second  interpassage  LV  traverse  plane  (B-B1)  was  located 
0.846  inch  downstream  of  the  leading  edge  plane  in  the 
chordwise  direction  (30.95%  chord).  Measurements  were  ob¬ 
tained  at  ten  discrete  points  and  are  summarized  in  Figure  16. 

The  third  LV  traverse  plane  (C-C1)  was  located  1.651  inches 
downstream  of  the  leading  edge  plane  (60.4%  chord)  as  shown 
in  Figure  14.  LV  measurements  were  obtained  at  eleven  dis¬ 
crete  points  and  are  summarized  by  Figure  17. 

LV  data  at  the  cascade  exit  plane  were  obtained  at  eleven 
discrete  points  along  traverse  plane  D-D1.  Traverse  plane 
D-D1  was  located  2.688  inches  downstream  of  the  leading  edge 
plane  in  the  chordwise  direction  (98.4%  chord).  The  LV  data 
at  the  exit  plane  are  summarized  in  Figure  18. 

The  LV  data  at  the  cascade  inlet  plane  and  second  traverse 
plane  B-B'  were  obtained  across  80  to  85%  of  the  passage 
spacing.  At  the  third  traverse  plane  C-C'  and  the  cascade 
exit  plane,  LV  data  were  restricted  to  approximately  50%  of 
the  passage  spacing  due  to  blockage  of  the  LV  signals  by  the 
blade  trunnions  for  the  optical  setup  being  employed. 

Additional  LV  experimental  data  were  acquired  from  the  ARL 
cascade  as  a  part  of  the  DDA  Independent  Research  and  Develop¬ 
ment  Program  (1975  IR  &  D  Project  No.  519)  and  are  presented 
herein.  Two  additional  traverses  were  completed  as  a  part 
of  the  I R  5-  D  program.  One  traverse  consisting  of  21  dis¬ 
crete  points  at  two  static  pressure  ratios  was  made  along 
the  centerline  of  cascade  passage  No.  3  as  shown  in  Figure  14. 
The  data  for  these  traverses  are  tabulated  in  Tables  XXI  and 
XXII,  Appendix  H, and  are  summarized  in  Figure  19. 

The  second  LV  traverse  was  completed  along  the  cone  probe 
traversing  plane  (Plane  P-P1  in  Figure  14).  LV  data  and  cone 
probe  data  consisting  of  21  points  at  two  static  pressure 
ratios  are  tabulated  in  Tables  XXIII  and  XXIV,  Appendix  H. 
Comparisons  of  the  LV  and  cone  probe  data  are  shown  graphical  1 
in  Fi gu  res  20  and  21 . 

A  cursory  analysis  of  the  LV  data  has  been  completed  to  permit 
comparisons  with  the  cone  probe  performance  data.  The  results 
are  presented  in  Table  VIII. 
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FIGURE  17.  LASER  VELOCIMETER  DATA  FOR 
TRAVERSE  PLANE  C-C1 
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FIGURE  18.  LASER  VELOCIMETER  DATA  FOR 
TRAVERSE  PLANE  D-D' 
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FIGURE  19.  LASER  VELOCIMETER  DATA  FOR  TRAVERSE  ALONG 
CENTERLINE  OF  BLADE  PASSAGE  NO.  3 
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TABLE  VI  I  I 

COMPARISON  OF  LASER  VE LOCI  METER*  AND 
CONE  PROBE  PASSAGE  FLOW  PARAMETERS 


STATIC  STATIC 

PRESSURE  RATIO  PRESSURE  RATIO 
=  1.564  =  2.226 

MASS  FLOW- LB/SEC  PER  INCH  SPAN 
INLET  PLANE  A-A'  (REF.  FIGURE 

•  LASER  VELOCIMETER**  0.288  0.352 

EXIT  PLANE  P-P1 

•  LASER  VELOCIMETER  0.359  0.371 

9  CONE  PROBE  0.328  O.363 

EXIT  FLOW  DIRECTION  (PLANE  P-P1)- 
DEGREES  (MASS-AVERAGED) 

©  LASER  VELOCIMETER  58.7  57.9 

•  CONE  PROBE  59.6  57.0 


Assumptions  for  LV  calculations: 

1.  Total  conditions  constant  through  inlet  plane 

2.  Linear  density  distribution  from  blade  chord  to 
blade  chord  along  inlet  plane  based  on  the  first 
blade  surface  static  pressure  taps. 

3.  Zero  thickness  blade  in  the  inlet  plane  with 
inviscid  flow 

4.  Cone  probe  determined  density  used  in  LV  cal¬ 
culations  at  exit  plane 

LV  mass  flows  at  the  inlet  plane  are  based  on  low  and  high 
static  pressure  ratios  of  1.468  and  2.220,  respectively. 


SECTION  VI 


CONCLUSI  ONS 


A  cascade  of  blades  with  a  profile  based  on  the  stream- 
surface  of  streamline  19  of  an  ARL  axial  compressor  stage 
was  tested  in  a  supersonic  wind  tunnel.  The  results  of 
the  test  were  in  essential  agreement  with  the  design. 

At  the  design  inlet  relative  Mach  number  of  1.616,  this 
cascade  was  able  to  maintain  a  static  pressure  ratio  of 
over  2.2.  The  losses  were  relatively  low  with  co 
approximately  0.15  at  a  static  pressure  ratio  of  2.2. 

The  cascade  included  six  blades,  linear  sidewalls  with 
sidewall  bleed.  The  flow  characteri st i cs  of  the  cascade 
were  good  and  the  data  were  very  consistent. 

Laser  velocimeter  bl ade-to-bl ade  traverses  were  made  at 
the  design  Mach  number  across  the  central  flow  passage 
at  the  cascade  inlet  plane,  at  two  passage  planes,  and 
at  the  cascade  exit  plane  for  two  static  pressure  ratios. 
These  LV  data  were  trendwise  in  agreement  with  schlieren 
photographs  of  the  cascade  flow  field. 

Laser  velocimeter  traverses  were  made  at  the  same  location 
as  the  cone  probe  and  also  at  mid-spacing  in  the  chordwise 
direction  at  the  design  Mach  number  for  two  static  pressure 
ratios  as  part  of  the  DDA  Independent  Research  and 
Development  Program.  Favorable  comparison  was  obtained 
between  the  cone  probe  and  the  laser  velocimeter  data. 


APPENDIX  A 

ARL  REDEFINITION  OF  STREAMLINE  19 


It  was  presumed  that  the  highest  degree  of  equivalency  would 
be  retained  if  the  basic  design  procedure  used  to  accomplish 
the  original  design  was  duplicated  to  the  maximum  extent 
possible.  The  original  design  was  accomplished  by  fitting 
airfoils  of  arbitrary  geometry  to  relative  flow  angles  defined 
by  an  axisymmetric  flow-field  analysis  employing  computing 
stations  within  as  well  as  external  to  blade  rows.  In  this 
analysis,  the  work  distributions  from  leading  to  trailing 
edge  along  each  streamsurf ace  within  the  rotor  were  specified 
as  input  data  to  the  design  procedure.  Meridional  distri¬ 
butions  of  deviation  angle,  blockage,  and  relative  total 
pressure  loss  were  assumed.  Optimization  of  the  work  distri¬ 
bution  within  the  rotor  was  based  upon  a  preconceived  notion 
of  what  constituted  a  desirable  axisymmetric  static  pressure 
distribution  between  leading  and  trailing  edge  along  each 
streamsurf ace.  Following  this  design  philosophy,  the  two- 
dimensional  equivalent  airfoil  was  established  by  performing 
an  identical  design  procedure.  The  major  steps  involved  in 
converting  from  the  original  three-dimensional  rotor  blade  to 
an  equivalent  two-dimensional  cascade  airfoil  were  as  follows. 

First,  to  check  the  validity  of  using  a  reduced  number  of 
streamlines,  the  axisymmetric  design  program  was  rerun  by  using 
input  data  for  only  streamlines  18,  19,  20  of  the  original 
rotor  design.  For  this  case  streamline  18  corresponded  to 
the  hub  and  streamline  20  to  the  case.  The  annulus  flow 
rate  was  recomputed  for  the  corresponding  streamtubes  ,  and 
the  annulus  wall  boundary  layer  blockages  were  also  ad¬ 
justed  for  the  reduced  flow  area.  Values  obtained  with 
this  approach  were  in  agreement  with  the  original  design 
results  for  streamlines  18,  19,  and  20. 

To  achieve  two-dimensional  results,  the  three  streamline  ap¬ 
proach  was  taken  by  utilizing  a  blade  of  1.0  inch  span  which 
was  assumed  to  be  located  within  a  cylindrical  annulus  havinq 
an  inner  radius  of  10,000  inches.  Centrifugal  gradients 
within  the  annulus  were  thereby  rendered  negligible.  A 
meridional  blade  chord  of  10.0  inches  was  selected  for  con¬ 
venience  and  ease  of  interpreting  results  normalized  to 
unity.  In  addition  to  respecifying  the  basic  blade  dimen¬ 
sions,  the  following  changes  were  made  to  the  design  program 
input  based  on  the  DDA  conditions  and  the  streamline  19  data 
of  the  final  rotor  design. 
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1.  Based  on  an  average  radius  of  8.16  inches  (streamline  19), 
an  incidence  angle  of  3.77°  was  obtained  from  the  incidence 
angle  input  data  of  the  quas i -th ree-d imens i onal  analysis. 

2.  The  meridional  work  distribution  was  specified  as  a 
function  of  the  absolute  whirl  velocity  distribution 
at  each  computing  station.  For  the  DDA  inlet  condi¬ 
tions  and  W02/W01  =  0.6349,  a  value  of  503.811  ft/sec  was 
calculated  for  the  two-dimensional  W0£  value.  The  three- 
dimensional  whirl  velocity  distribution  for  the  inter¬ 
nal  blade  computing  stations  was  then  scaled  with  a 

Wf?2  (  2-d  i  mens  i  onal  )  /  W0  2  ( 3  -d  i  mens  i  ona  1  )  ratio  of  0.8556 
to^achieve  the  two-dimensional  input  values.  This  dis¬ 
tribution  is  shown  in  Figure  22.  It  was  found  that  the 
above  adjustment  was  sufficient  to  yield  a  satisfactory 
static  pressure  match  between  the  two-  and  three-dimensional 
final  values.  A  comparison  of  these  values  can  be  seen 
in  Figure  23. 

3.  The  loss  coefficient  for  the  three-dimensional  analysis 
was  varied  linearly  from  a  leading  edge  value  of  zero  to 
a  trailing  edge  value  of  0.2338.  In  a  like  manner,  the 
loss  coefficient  for  the  two-dimensional  case  was  varied 
from  zero  at  the  leading  edge  to  a  final  value  of  0.2246 
at  the  trailing  edge  (DDA  value). 

4.  The  initial  input  values  of  blade  blockage  to  the  two- 
dimensional  analysis  were  the  final  values  obtained  from 
the  three-dimensional  results.  However,  the  final  two- 
dimensional  values  were  adjusted  to  be  consistent  with 
the  revised  airfoil  geometry. 

5.  The  two-dimensional  input  value  for  the  total  number  of 
blades  was  initially  calculated  for  the  three-dimen¬ 
sional  blade  spacing  and  the  ratio  of  3D/2D  chord 
length.  During  the  iterative  design  procedure,  this 
value  was  updated  for  the  three-dimensional  solidity 
and  the  calculated  two-dimensional  true  chord  length. 

6.  An  adjusted  mass  flow  rate  and  blade  RPM  were  calculated 
for  the  two-dimensional  analysis.  The  flow  rate  was 
based  on  the  DDA  inlet  conditions  and  the  geometry  of 
the  two-dimensional  cylindrical  annulus  at  the  10,000- 
inch  inner  radius.  Blade  RPM  was  based  on  the  calculated 
two-dimensional  blade  speed,  again  for  DDA  inlet  condi- 

t i ons . 

In  addition  to  the  above  changes  to  the  input  data,  the 
annulus  wall  boundary  layer  blockage  values  were  set  equal 
to  zero  for  the  two-dimensional  analysis.  The  three-dimen¬ 
sional  deviation  distribution  was  adopted  without  change  for 
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the  two-dimensional  analysis.  A  normalized  plot  of  this  dis¬ 
tribution  is  shown  in  Figure  22.  The  axisymmetric  flow  field 
analysis  was  accomplished  according  to  the  "streamline  curva¬ 
ture"  calculation  technique  using  the  computer  program 
described  in  Reference  4.  The  original  arbitrary  airfoils 
were  defined  according  to  Reference  5.  However,  during  this 
two-dimensional  redesign,  the  computer  program  of  Reference 
5  proved  incapable  of  finding  an  arbitrary  camber  line  with 
less  than  two  inflection  points  —  a  condition  judged  un¬ 
desirable.  Consequently,  this  program  was  modified  in  the 
manner  described  in  Reference  4.  The  modified  method  of  ob¬ 
taining  an  arbitrary  camber  line,  when  checked  against  the 
original  design,  produced  an  airfoil  virtually  indistinguish¬ 
able  from  the  original.  However,  when  used  to  determine  the 
revised  airfoil,  it  managed  to  produce  a  camber  line  having 
the  desired  single  inflection  point. 
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APPENDIX  B 

PERFORMANCE  DATA  REDUCTION  EQUATIONS 


This  appendix  presents  the  data  reduction  procedures  which 
are  incorporated  in  the  DDAwind  tunnel  on-line  instrumenta¬ 
tion  system  to  analyze  experimental  data  from  supersonic 
compressor  cascades.  Figure  24  presents  a  sketch  of  the 
cascade  flow  field. 

NOZZLE  EXIT  CONDITIONS 

The  DDA  supersonic  wind  tunnel  utilizes  fixed  converging- 
diverging  nozzles  to  provide  a  supersonic  flow  field  to  the 
wind  tunnel  test  section.  The  design  Mach  number  of  the 
fixed  supersonic  nozzles  (Mno)  has  been  experimentally  veri¬ 
fied  in  nozzle  calibration  studies.  The  wind  tunnel  total 
pressure  ( Py  )  or  nozzle  exit  total  pressure  is  measured  in 
a  low  velocity  stagnation  plenum  with  a  total  pressure  probe. 
Likewise,  the  wind  tunnel  total  temperature  (Tt  )  or  nozzle 
exit  total  temperature  is  measured  in  a  low  velocity  stagna¬ 
tion  plenum  with  a  total  temperature  probe. 

CASCADE  INLET  CONDITIONS 

The  cascade  inlet  flow  field  is  established  by  a  sharp  lead¬ 
ing  edge  wedge  which  is  positioned  upstream  of  the  first 
blade  in  the  cascade.  The  cascade  inlet  flow  direction  is 
determined  by  the  orientation  of  the  wedge  with  respect  to 
the  airfoils.  The  cascade  inlet  Mach  number  is  determined 
by ^  the  orientation  of  the  wedge  with  respect  to  the  nozzle 
exit  flow  field.  The  inlet  Mach  number  is  established  by 
either  expanding  or  compressing  (shocking)  the  nozzle  flow 
about  the  wedge.  This  is  accomplished  by  rotating  the  test 
section  with  respect  to  the  nozzle.  The  boundary  layer  thick 
ness  on  the  wedge  has  been  established  experimentally  and  is 
taken  into  account  when  positioning  the  wedge  with  respect 
to  the  ai rfoi 1 s . 

The  degrees  of  expansion  or  compression  of  the  nozzle  flow 
field  (A)  is  determined  by 

a  =  ew  -  00°  -  eTS) 

The  wedge  angle  (0W)  is  defined  as  the  angle  between  axial 
direction  and  the  wedge  surf  ace,  i  nc  lud  i  ng  boundary  layer 
thickness.  The  test  section  angle  ( 6 js )  is  defined  as  the 
angle  between  tangential  direction  and  the  wind  tunnel  axis 
(horizontal).  By  definition,  if  delta  (A)  is  positive,  the 
nozzle  exit  flow  field  will  undergo  an  oblique  shock, and  the 
resulting  cascade  inlet  flow  field  properties  are  obtained 
from  the  governing  oblique  shock  relations.  If  delta  is 
negative,  the  nozzle  flow  field  will  undergo  a  Prandt 1 -Meyer 
expansion  from  which  the  inlet  properties  are  determined. 
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FIGURE  24.  SCHEMATIC  OF  SUPERSONIC  COMPRESSOR  CASCADE  FLOW  FIELD 
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For  k  =  1.4,  g  =  32.175  ft/sec2,  R  =  53.34 
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CASCADE  IDEAL  PERFORMANCE 

The  cascade  ideal  performance  calculations  employ  sidewall 
static  pressure  taps  at  the  cascade  exit  to  assess  the  uniformity 
of  the  flow  field  and  relate  exit  to  inlet  flow  properties  to 
establish  the  test  condition. 

Mean  exit  sidewall  static  pressure  P9 

^A 


n 


P 


2 


A 


where 

P.  =  Sidewall  static  pressure, 
n  -  Number  of  sidewall  static  taps 


RMS  deviation  of  sidewall  static  taps  RMS 


RMS  =. 


r 


i  = 


<Vpi> 


n 


where 

P.  =  Sidewall  static  pressure 
n  =  Number  of  sidewall  static  taps 


Ideal  exit  Mach  number  Mn9 

ID 


.  PT  k- 1  x 


Mn, 


ID 


Ideal  static  pressure  ratio  P 
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ID 


rid  ~  T 
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INSTRUMENTED  BLADE  PARAMETERS 

Local  static  pressure  rise  parameter  S 


whe  re 

=  local  surface  static  pressure,  PS  I A 

P, 

Loc a  surface  pressure  ratio  -5^ 

T 


Surface  static  pressure  tap  location  %  C. 

Referring  to  Figure  25,  one  can  determine  the  location  of 
the  blade  surface  static  pressure  taps  on  either  the 
pressure  or  suction  surface  as  follows: 


(100) 


BLADE  FORCES  AND  MOMENTS 

rigure  26  shows  the  coordinate  system  used  for  the  identifi¬ 
cation  of  the  surface  static  pressure  taps  along  with  the 
nomenclature  and  assumed  directions  for  the  calculations. 
Calculation  of  the  blade  forces  due  to  the  surface  static 
pressure  distribution  can  be  completed  systematically  over 
the  blade  surface  between  the  f  i  rst  arid  last  static  pressure 
taps.  Treatment  of  that  portion  of  the  blade  surface  between 
the  leading  edge  and  first  static  pressure,  as  well  as  the 
surface  between  the  last  static  tap  and  the  trailing  edge, 
depends  on  either  estimation  of  the  pressure  distribution  on 
those  surfaces  or  certain  simplifying  assumptions  with  regard 
to  the  leading  and  trailing  edge  pressures.  This  report 
assumes  that  at  the  leading  edge,  the  pressure  on  the  pressure 


NSTRUMENTED  BLADES  COORDINATE  SYSTEM  AND  NOMENCLATURE  IDENTIFICAT 


surface  is  equal  to  the  pressure  on  the  suction  surface.  The 
same  assumption  is  made  at  the  trailing  edge.  Furthermore,  if 
the  pressure  force  between  the  leading  edge  and  the  first 
static  port  acts  on  an  area  equivalent  to  the  average  of  the 
pressure. and . suet  ion  surface  areas  orientated  at  an  average 
surface  inclination,  the  leading  edge  pressure  cancels  in  the 
force  summation.  The  same  is  true  for  the  trailing  edge. 

The  force  on  the  blade  between  the  leading  edge  and  first- 
static  pressure  tap  is  determined  by 
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The  average  surface  ancle  between  the  leading  edge  and  the 
first  static  pressure  tap  is 
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The  same  relations  can  be  employed  at  the  blade  trailing  edge; 
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where 


n  =  total  number  of  surface  static  taps 


The  total  axial  force  on  the  blade  is  now  determined  by 
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n  =  number  of  surface  static  pressure  taps 
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Similarly,  the  total  tangential  force  on  the  blade  is 


n- 1 
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,  P .  +  P .  , 

^  l^(— - 2~~  )  Ascos/?j 
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PS  f=,  1  5“ 
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LE  LE  TE  p JE 

The  resultant  force  on  the  blade  is  calculated  as 


R 


/fC2  +  F 


Y 


The  direction  of  the  resultant  force  is 


£  =  tan"1  (^) 

X 


Referring  again  to  Figure  26,  one  determines  the  moment 
exerted  on  the  blade  assuming  clockwise  rotation  positive 
and  calculated  from  the  leading  edge  from  the  relation 
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The  nondi mens ionali zed  force  coefficients  are  determined  bv 
dividing  the  force  by  the  product  of  inlet  dynamic  pressure, 
blade  span,  and  blade  chord.  For  cascades  where  the  blade 

span  is  not  constant,  the  average  of  the  blade  inlet  and  exit 
span  i s  used . 


Axial  force  coefficient  Fr 


Tangential  force  coefficient  Fr 

lY 


Resultant  force  coefficient  Fr 

lR 


The  nond i mens i onal i zed  moment  coefficient  is  determined  by 
dividing  the  moment  by  the  product  of  inlet  dynamic  pressure, 
blade  span,  and  blade  chord  squared.  Again  the  average  of 
the  blade  inlet  and  exit  span  is  used  when  the  blade  span  is 
not  constant. 


Moment  coefficient  Mr 

lLE 


Drag  coefficient 
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The  drag  coefficient  is  calculated  upon  assuming  the  drag 
force  acts  parallel  to  the  blade  chord; 


Cn  =  Fr  cos  ( 180  -  y  +  0r) 
D1  CR  F 


Lift  coefficient  C, 

L1 


The  lift  coefficient  is  calculated  upon  assuming  the  lift 
force  acts  perpendicular  to  the  blade  chord; 


C.  =  Fr  si  n  ( 180  -  y  +  /3_) 
L,  CR  F 


Center  of  pressure  CD 

kLE 

The  center  of  pressure  is  determined  as  percent  of  chord  from 
the  blade  leading  edge; 

Cp  =  —  (100) 

LE  frc 


CASCADE  LOCAL  EXIT  PERFORMANCE 

The  local  cascade  exit  conditions  are  determined  by  position¬ 
ing  a  five  port  conical  probe  at  discrete  points  across  the 
cascade  passage.  The  conical  probe  has  been  calibrated  over 
a  Mach  number  range  of  0.35  to  1.80  at  various  incidence 
angles.  The  conical  probe  calibration  procedure  is  discussed 
in  Reference  7.  From  the  calibration  data,  the  wind  tunnel 
on-line  data  acquisition  system  determines  the  flow  Mach 
number  (Mn^),  flow  total  pressure  ( Pt 2 ) *  and  flow  direction 
relative  to  the  conical  probe  centerline  (jSp)  at  each  discrete 
point  at  the  cascade  exit.  The  local  exit  flow  direction 
referenced  to  the  engine  axial  direction  (/?2)  is  determined  by 


02  =  90  -  0p  +  flp 

where 


0 p  =  Probe  angle  (angle  between  probe  centerline 
and  engine  tangential  direction),  degrees 


From  the  local  exit  Mach  number,  total  pressure,  and  flow 
direction,  the  following  local  performance  parameters  are 
ca 1 cu 1 ated  . 

Local  exit  axial  Mach  number  MnY 

X2 


Mn^  =  Mn2  cos/?2 

Local  exit  tangential  Marh  number 
Mny  =  Mn2  sin^2 
Local  exit  static  pressure  P2 
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Local  exit  total  pressure  recovery  PD 
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Local  exit  deviation  angle  6° 
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MASS-AVERAGED  CASCADE  EXIT  CONDITIONS 


The  mass-averaged  cascade  exit  conditions  are  determined  by 
mass-averaging  of  the  local  exit  data  (Mach  number,  flow 
angle,  and  total  pressure  recovery)  from  the  relationship 


where 

i  =  Probe  measurement  station 

n  =  Total  number  of  points 

fj  =  Discrete  data  to  be  mass-averaged 

Pj  =  Local  static  pressure,  psi 

Mnv  .  =  Local  axial  Mach  number 

T-p/T).  =  Local  total  to  static  temperature  ratio 

Yj  =  Conical  probe  tip  location  in  tangential  direction,  in. 

<f  >  =  Mass  averaged  variable 


The  following  cascade  exit  parameters  can  be  determined  from 
the  mass-averaged  exit  conditions. 

Mass-averaged  axial  Mach  number  Mnv 

x2 


Mn^  =  Mn2  cos 


Mass -averaged  tangential  Mach  number  Mnv 

y2 
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Mass-average  total  pressure  p. 
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Mass-averaged  static  pressure  P, 
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Mass-averaged  total  to  static  temperature  ratio  ~ 
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where 


s  =  Bl ade  spaci ng ,  in. 


(g—)  =  Exit  to  inlet  span  ratio  at  the  probe 
1  D  measuring  station 


MIXED  EXIT  CONDITIONS 


fie  lfx;nl  cascade  exit,  discrete  data  can  be  "mixed-out"  by  using 
Che  conservation  equations  of  one-dimensional  qas  dynamics 
t °  o b L a i n  the  cascade  exit  properties  in  terms  of  a  uniform 
exit  flow  field.  The  technique  and  applicable  relationships 
i  or  mi  xi  ncj -out"  the  cascade  discrete  data  are  presented  in 
Reference  8.  The  results  of  the  mixing  equations  are  the 
mixed-out  Mach  number  (MnJ,  flow  angle  (/?-),  total  pressure 
'  cliU'  t<?t:  1  temperature  ('t~).  f  rom  these  four  mixed 

exit  pi  opt  rties,  additional  cascade  exit  performance  parameters 
such  as  tr.oso  described  for  the  mass -ave raged  exit  conditions 
can  be  determined. 


CASCADE  OVERALL  PERFORMANCE 

ihe  cascade  overall  performance  parameters  for  either  mass- 
averaged  or  mixed  exit  conditions  ore  presented  be  lav. 
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Axial  velocity  ratio 
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Total  pressure  loss  coefficient  oo 
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Reynolds  number  N 
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Static  pressure  rise  parameter  S 
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where 

K ML  =  mean  1 ' ne  blade  metal  angle  at  the 
l2  trailing  edge,  degrees 
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APPENDIX  C 


PERFORMANCE  COMPUTER  PRINT-OUT  IDENTIFICATION 


The  supersonic  wind  tunnel  on-line  instrumentation  system 
yields  eleven  pages  of  computer  print-out  describing  the 
cascade  performance  For  each  test  condition.  This  appendix 
briefly  describes  the  contents  ol  the  computer  print-out  and  fh 
nomenclature  used,  and  provides  tables  to  simplify  the  loca¬ 
tion  and  identification  of  selected  cascade  data  items.  The 
c  ornp  u  ter  print-  ou  1'  n  ome  n  c  I  at  u  re  is  s  h  own  in  Table  IX. 

On  the  first  page  of  the  print -out  following  the  title  lines 
four  entries  which  describe  the  test  point  operating  conditions 
appear:  cascade  inlet  Mach  number,  cascade  ideal  static- 

pressure  ratio,  the  cascade  blade  belli  rid  which  the  conical 
probe  data  was  taken,  and  trie  conical  orobe  axial  location 
behind  the  blade  row. 

The  second  entry  on  the  first  page  of  print-out  presents  a 
i  s  1. 1  nq  of  the  pressures  measured  on  the  four  Scsnivalvcs 
Table  X  Identifies  the  pressures  by  Scanlvalve  and  port" 
number.  The  first  seven  ports  of  each  Scan i valve  are  used 
for  reference  calibration  pressures  with  alternate  ports 
thereafter  connected  to  a  vacuum  source  to  eliminate  trans¬ 
ducer  hysteresis  and  minimize  pneumatic  settling  time.  From 
these  p res s u res ,  the  cascade  performance  presented  on  the 
fourth  through  sixth  pages  of  the  print-out  are  determined. 

The  last  entry  on  the  f i rs  t  page  of  print -out  presents  mis¬ 
cellaneous  test  section  data, i nc lud i ng  the  conical  probe 
position  in  the  exit  flow  field,  test  section  angular  position 
and  trie  wind  tunnel  total  temperature. 

The  first  entry  on  the  second  page  of  the  print-out  presents 
tie  nozzle  exit  flow  field  properties. 

The  second  entry  on  the  second  pane  is  the  wedge  and  blade 
inlet  flow  parameters  determined  from  the  sidewall  static 
pressure  taps  located  in  the  sidewall  ahead  of  the  wedge  end 
each  blade. 


The  last  entry  on  the  second  page  describes  the  flew  properties 
across  the  sharp  leading  edge  wedge  which  is  used  <-o  expand 
or  compress  the  nozzle  exit  flow  to  establish  the  cascade  inlet 
Mach  number  and  flow  direction.  These  items  ore  presented  in 
T ab 1 e  XI. 
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TABLE  IX.  COMPUTER  PRINT-OUT  NOMENCLATURE 


2 

A  Cascade  flow  area  (span  X  spacing),  in 

BETA  Angle,  measured  from  axial  direction,  degrees 

CD  Drag  coefficient  (drag  force  referenced  parallel 

to  blade  chord  normalized  by  inlet  dynamic  pressure, 
span,  and  chord) 

C ) F  Skin  friction  coefficient  times  one  thousand 

CL  Lift  coefficient  (lift  force  referenced  perpendi¬ 

cular  to  blade  chord  normalized  by  inlet  dynamic 
pressure,  span,  and  chord) 

CP  Center  of  pressure,  percent  chord  from  blade  leading 

edge 

DEV  Deviation  angle,  degrees 

DF  Diffusion  factor 

DP  Total  pressure  loss  (inlet  minus  exit  total  pressure), 

ps  i 

DPS  Static  pressure  ris.e  (local  or  exit  minus  inlet 

static  pressu re ) ,  ps i 

DV) Y  Ratio  of  tangential  velocity  change  to  inlet  total 

velocity 

FC  Force  coefficient  (blade  force  normalized  by  inlet 

dynamic  pressure,  span,  and  chord) 

I  Incidence  angle,  degrees 

LE  Leading  edge 

M  Mass  flow  rate 

®  Nozzle  exit  -total  mass  flow,  lbs/sec 

<a>  Cascade  inlet  and  exit  -  mass  flow  per 
passage  per  inch  span,  lbs/sec-in. 

MC  Moment  coefficient  (moment  exerted  on  blade  about 

leading  edge  normalized  by  inlet  dynamic  pressure, 
span,  and  chord  squared) 

ML  Mean  line  reference 
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TABLE  IX.  COMPUTER  PRINT-OUT  NOMENCLATURE  (Continued) 

MN  Mach  number 

Reynolds  number  divided  by  1  million 

OMEGA  Total  pressure  loss  coefficient 

P  Static  pressure,  ps i 

PERCT  Tangential  reference  position  of  conical  probe  tip, 

percent  of  passage 

PS  Pressure  surface 

PT  Total  pressure,  psi 

q  Dynamic  pressure,  psi 

q ]  Inlet  dynamic  pressure,  psi 

2 

R  Density,  lb/ftJ 

SS  Suction  surface 

T  Static  temperature,  degrees  R 

T/C  Maximum  blade  thickness  to  chord  ratio 

TPLP  Total  pressure  loss  parameter 

TT  Total  temperature,  degrees  R 

TURN  Flow  turning  angle  (inlet  minus  exit),  degrees 

V  Velocity,  fps 

Y  Tangential  reference  position  of  conical  probe  tip, 

i nches 


RNJ 


ii 


1 
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TABLE  IX.  COMPUTER  PRINT-OUT  NOMENCLATURE  (Continued) 


s  c  r i p l s  :  (Continued) 

Conical  probe  bottom  static  port  in  vertical  plane 
calculated  from  continuity  equation 

Equ i va 1 ent 

Referenced  to  resultant  force  direction 
Leading  edge 
Mean  1 i ne 

Conical  probe  north,  static  port  in  horizontal  plane 
Referenced  to  conical  probe  centerline 
Pressure  surface 

Conical  probe  south  static  port  in  horizontal  plane 
Suction  su  rf ace 

Conical  probe  top  static  port  in  vertical  plane 
Referenced  to  axial  direction 
Referenced  to  tangential  direction 
Conical  probe  total  pressure  port 


TABLE  X 

SCANI VALVE  PORT  ASSIGNMENTS 


Port 

No. 


1 

2 

3 

4 

5 

6 

7 

8 
9 


Scanivalve  No.  4 


(0  -  50  ps; 


Vacuum 

Vacuum 

Calibration  Vacuum 
Calibration  Pressure  No. 


Calibration  Pressure  No. 
Calibration  Pressure  No. 


Calibration  Pressure  No, 
Vacuum 


Tunnel  Total  Pressure 


Cal i brat i on 
Cal i brat i on 


Pressure 

Pressure 


in  = 
n  = 


10 

20 


ps  i 

psi 


Port 

No. 


S  £  an  i  va  1  ve  _N  o .  ]_ 

"TO  -  1 5  psTT" 


1 

2 

3 

4 

5 

6 

7 

8 
9 


Vacuum 

Vacuum 

Calibration  Vacuum 
Calibration  Pressure  No.  1 
Calibration  Pressure  No.  1 
Calibration  Pressur 
Calibration  Pressure  No.  2 
Vacuum 

Tunnel  Total  Presrcre 


2 


1C 

Vacuum 

10 

Vacuum 

11 

Blade  PS  Static  // 1 

11 

Blade  SS  Static  //I 

12 

Vacuum 

12 

Vacuuin 

13 

Blade  PS  Static  # 2 

13 

Blade  SS  Static  112 

14 

Vacuum 

14 

Vacuum 

15 

Bl ade  PS  Stat i c  #3 

15 

Blade  S  S  Static  11 3 

16 

Vacuum 

16 

Vacuum 

17 

Blade  PS  Static  #4 

17 

Blade  SS  Static  #4 

18 

Vacuum 

18 

Vacuum 

19 

Blade  PS  Static  If 5 

19 

Blade  SS  Static  #5 

20 

Vacuum 

20 

Vacuum 

21 

Bl  ade  PS  Static  #6 

21 

Blade  SS  Static  #6 

22 

Vacuum 

22 

Vacuum 

23 

Blade  PS  Static  #7 

23 

Blade  SS  Static  #7 

24 

Vacuum 

24 

Vacuum 

25 

Blade  PS  Static  #8 

25 

Blade  SS  Static  11 8 

26 

Vacuum 

26 

Vacuum 

27 

B 1  ade  PS  Static  if 9 

27 

Blade  SS  Static  113 

28 

Vacuum 

28 

Vacuum 

29 

Blade  PS  Static  #10 

29 

Blade  SS  Static  #10 

30 

Vacuum 

30 

Vacuum 

31 

Tunnel  Total  Pressure 

31 

Tunnel  Total  Pressure 

32 

Vacuum 

32 

Vacuum 

33 

Tai  lboard  Stat  ic  //! 

33 

Upper  Splitter  Cavity  #1 

34 

Vacuum 

34 

Vacuum 

35 

Tail  board  Static  112 

35 

Upper  Splitter  Cavity  #2 

36 

Vacuum 

36 

Vacuum 

37 

Tail  board  Stat  i  c  //  3 

37 

Tail  board  Cavi ty 

38 

Vacuum 

38 

Vacuum 

39 

Access  Cover  Pressure 

39 

Nozzle  Ext.  Plenum  Press.  #1 

40 

Vacuum 

40 

Vacuum 

41 

Primary  Ejector  Pressure 

41 

Nozzle  Ext.  Plenum  Press.  #2 

42 

Vacuum 

42 

Vacuum 

43 

Top  Bleed  Pressure 

43 

Nozzle  Ext.  Plenum  Press.  #3 

44 

Vacuum 

44 

Vacuum 

45 

Bottom  Bleed  Pressure 

45 

Upstream  Bleed  Orf.  Press. (Mezz  1 

46 

Vacuum 

46 

Vacuum 

47 

Tunnel  Total  Pressure 

47 

Tunnel  Total  Pressure 

48 

NOTE: 

Vacuum 

1)  Si  dev/a  11  Statics  Numbered  Front 

48 

to  Back 

Vacuum 

2) 

3) 


Al I  Probe  Taps  to  be 
Remove  Roll  Pins  and 


Plumbed  Straight  through  Scanivalve  Patch  Pane! 


Felt  from  all  Ports  Used 
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TABLE  X  (Continued) 
SCANIVALVE  PORT  ASSIGNMENTS 


Scan i va 1 ve  No.  3 


Vacuum 

Vacuum 

Calibration  Vacuum 
Calibration  Pressure  No.  1 
Calibration  Pressure  No.  1 
Calibration  Pressure  No.  2 
Calibration  Pressure  No.  2 
Vacuum 

Tunnel  Total  Pressure 
Vacuum 

Probe  Total  Pressure 
Vacuum 

Probe  Top  Static 
Vacuum 

Probe  Bottom  Static 
Vacuum 

Probe  North  Static 
Vacuum 

Probe  South  Static 
Vacuum 

Tunnel  Total  Pressure 
Vacuum 

Exit  Static  No.  1 


Vacuum 

Exit  Static  No.  2 
Vacuum 

Exit  Static  No.  3 
Vacuum 

Exit  Static  No.  4 
Vacuum 

Exit  Static  No.  5 
Vacuum 

Mid-Channel  Static  No.  1 
Vacuum 

Mid-Channel  Static  No.  2 


Vacuum 

Mid-Channel  Static  No.  3 


Vacuum 

Mid-Channel  Static  No.  4 


Vacuum 

Mid-Channel  No.  5 
Vacuum 

South  Bleed  Cavity  No. 
Vacuum 

Tunnel  Total  Pressure 
Vacuum 

Tunnel  Total  Pressure 
Vacuum 


Calibration  Pressure  #1 
Calibration  Pressure  if  2 


10  ps  i 
20  ps  i 


Scanivalve  No.  2 


Vacuum 

Vacuum 

Cal i brat i on  Vacuum 
Calibration  Pressure  No.  1 
Calibration  Pressure  No.  1 
Calibration  Piessure  No.  2 
Calibration  Pressure  No.  2 
Vacuum 

Tunnel  Total  Pressure 
Vacuum 

North  Bleed  Cavity  No.  3 
Vacuum 

North  Bleed  Cavity  No.  4 
Vacuum 

North  Bleed  Cavity  No.  5 
Vacuum 

South  Bleed  Cavity  No.  3 
Vacuum 

South  Bleed  Cavity  No.  4 
Vacuum 

Tunnel  Total  Pressure 
Vacuum 

Wedge  Static  No.  1  South 
Vacuum 

Wedge  Static  No.  2  North 
Vacuum 

Inlet  Static  No.  1 
Vacuum 

Inlet  Static  No.  2 
Vacuum 

Inlet  Static  No.  3 
Vacuum 

Inlet  Static  No.  4 
Vacuum 

Inlet  Static  No.  5 
Vacuum 

Inlet  Static  No.  6 
Vacuum 

North  Bleed  Plenum  Pressure 
Vacuum 

South  Bleed  Plenum  Pressure 
Vacuum 

North  Bleed  Manifold  Pressure 
Vacuum 

South  Bleed  Manifold  Pressure 
Vacuum 

Tunnel  Total  Pressure 
Vacuum 


1)  Sidewall  Statics  Numbered  Front  to  Back 

2)  All  Probe  Taps  to  be  Plumbed  Straight  through  Scanivalve  Patch  Panel 

3)  Remove  Roll  Pins  and  Felt  from  all  Ports  Used 
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The  1  i  r  j  ;  entry  on  the  third  page  of  the  print-out  consists 
of  tw<  I  es  describing  the  cascade  physical  design  para- 
me t  e r  s  . 

The  last  <-  itry  on  the  third  page  describes  the  cascade  inlet 
flow  field  conditions.  Identification  of  the  cascade  inlet 
parameters  is  presented  in  Table  XII. 

The  entry  on  the  fourth  page  of  the  computer  print'-out  is  the 
cascade  ideal  performance  based  on  sidewall  static  pressures. 
Included  is  a  listing  of  the  pressures  presented  on  the 
second  page  of  the  print-out  for  the  sidewall  static  pressure 
taps.  -om  these  pressures,  a  mean  exit  static  pressure  and 
RMS  deviation  are  calculated  along  with  the  same  parameters 
for  the  mid-passage  static  pressure  taps.  The  cascade  ideal 
exit  Mach  number  and  ideal  static  pressure  ratio  are  determined 
from  the  mean  exit  static  pressure. 

The  fifth  page  of  the  computer  print-out  descriles  the  side- 
wall  boundary  layer  bleed  system  performance,  i nc lud i ng  side- 
wall  slot  pressures,  sidewall  boundary  layer  bleed  f  1  ow 
rate,  arid  the  ratio  ot  bleed  mass  flow  rate  to  total  cascade 
inlet  mass  How. 

The  sixtn  page  of  the  computer  print-out  describes  the 
instrumented  blade  parameters.  The  first  entry  presents 
the  static  pressure  distribution  on  the  cascade  blade  surface 
along  with  associated  columns  describing  local  performance 
character i st i cs  and  static  tap  locations  in  terms  of  percent 
chord.  Following  the  local  surface  performance  characteristics 
are  several  additional  parameters  summarizing  the  instrumented 
blade  performance.  Table  XIII  provides  additional  identifi¬ 
cation  of  the  entries  on  the  sixth  page. 

The  local  cascade  exit  performance  was  determined  by  utiliz¬ 
ing  a  conical  probe  to  measure  Mach  number,  flow  angle,  and 
total  pressure  at  twenty  discrete  points  across  one  passage 
of  the  cascade.  The  probe  was  positioned  at  the  center  of 
cascade  passage  number  3  and  measurements  taken  in  five  percent 
steps  to  the  center  of  passage  number  4  (data  obtained  behind 
blade  number  4).  The  seventh,  eighth,  and  ninth  pages  of  the 
computer  print -out  present  the  local  exit  performance  char¬ 
acteristics  of  the  cascade.  Table  XIV  provides  the  identifi¬ 
cation  for  the  parameters  presented  on  these  pages. 

The  cascade  exit  flow  field  properties  are  determined  by  mass¬ 
averaging  and  mixing  to  uniform  flow  the  local  exit  parameters. 
Identification  of  the  exit  f 1 ow  field  parameters  on  the  tenth 
oage  of  the  computer  print-out  is  presented  in  Table  XV. 

The  cascade  overall  performance  characteristics  relating  the 
inlet  and  exit  properties  are  presented  on  the  eleventh  page 
of  the  computer  print-out  and  are  identified  in  Table  XVI. 
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TABLE  XIV.  COMPUTER  PRINT-OUT  IDENTIFICATION  -  LOCAL  CASCADE  EXIT 
PERFORMANCE  ON  SEVENTH,  EIGHTH  AND  NINTH  PAGE 


TABLE  XV.  COMPUTER  PRINT-OUT  IDENTIFICATION  -  MASS  AVERAGED  AND 
MIXED  EXIT  CONDITIONS  ON  TENTH  PAGE 


COMPUTER  PRINT-OUT  IDENTIFICATION  -  OVERALL 
PERFORMANCE  ON  ELEVENTH  PAGE 
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APPENDIX  n 


CASCADE  PERFORMANCE  DATA 
MN) 1  =  1  .535 

P ) 2/ P ) 1  =  1.190 
P) 2/P) 1  =  1.356 
P ) 2/ P ) 1  =  1.399 
P)  2/P) 1  =  1 .505 
P) 2/ P) 1  =  1.686 
P )  2/  P )  1  =  1.970 
P) 2/ P) 1  =  2.003 
P) 2/ P) 1  -  2.035 
P) 2/ P) 1  =  2.076 
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OVERALL  PERFORMANCE 
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SUPERSONIC  COMPRESSOR  CASCADE 
ARL  2-0  CASCADE 


overall  performance 
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SUPERSONIC  COMPRESSOR  CASCADE 
API  2*0  CASCADE 


OVERALL  PERFORMANCE 


MASS  AVERAGED  FV XT  CONDITIONS 


P) 2/P)  1 

P TJ2/PT) 1 

V  )  2  /  V  )  1 

V12/V) 1,X 

V) 2/V)  1  ,  V 

R) 2/R)  1 

T)2/T)  1 

OMEGA 

TPLP 

BETA)C 

OF 

A  )  2  /  A  )  l 

OF)  EO 

D  V  5  V 

RN)3 

0PS/Q1 
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TURN 

1.395 

,9*4 

,869 

.843 

.878 

1.254 

1 .113 

,761 

.717 

67,971 

.1«3 

.944 

1.314 

.173 

1.163 

.242 

4,760 

*  »  983 

overall  performance 


MIXED  EXIT  CONDITIONS 


p)?/p)  i 

PT)P/PT) 1 

V)2/V)  1 

VJ2/V)  1,X 

V) 2/V)  1  ,Y 

R) 2/R)  1 

T52/T)  1 

OMF.GA 

TPLP 
BET  A)  C 

OF 

A  )  !?  /  A  )  1 

OF )  EG 

OV)  V 

RN)  2 

DPS/Q1 

DEV 

TURN 

1.417 

,942 

.861 

.824 

,875 

1,256 

1,122 

.778 

.713 

67,632 

.174 

,967 

1.327 

.176 

1.137 

.248 

4.61? 

*1,533 
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PRESSURE  RISE  COEFF I C I  ENT ( P-P 1 ) /Qi 


SUPERSONIC  COMPRESSOR  CASCAOE 
ARL  2-0  CASCAOE 

B.IRPLOW  a  PRESSURE  SURFACE 


O  SUCTION  SURFACE 
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INLET  MACH  NUMBER  =  i  .535 
,  STATIC  PRESSURE  RATIO  =  1.399 
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PERCENT  CHORD 
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EXIT  AIR  ANGLE  TOTAL  PRESSURE  EXIT 

( OEGREES )  RECOVERY  MACH  NUMBER 
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SUPERSONIC  CORPSES  5  TP  CASCADE 
API..  2»D  CASCADE 


PEPFOPMAKJCE 


0  F y I  7  CONDITIONS 


p )  ?  /  p  11 

PT5  P/PT1 1 

V) ? / V)  t 

V12/V1 1 , V 

V) 2/V5  1  ,  V 

RJ2/R)  1 

T52/T1  1 

T  f-'Lp 

P  F  T  A  1  C 

OF 

A  I  ?  /  A  1  1 

on  eo 

CV1  Y 

RN}2 

DPS/01 

DEV 

1.505 

.012 

6  1 .  229 

.945 

.  P  3  5 

.700 

,853 

1.318 

1.142 

.205 

.061 

1  .37? 

.  1?5 

1.159 

.306 

5,025 

PVEPall  PERFORMANCE 


MIXED  FXTT  CONOTT IONS 


P  I  )  ?  /  P  T  I  1  V)?/VH  V  1  ?  /  V 1  1  i  * 
TEi  P  DP  OP1FO  D VI  V 

H  E  T  A 1  C  A  3  ?  t  A  )  l 


VT2/V) 1 , V  RJ2/R5  1  T52/T]  1 
PN)2  DPS/01  DEV 


1  .  M  8 
,  0  I  4 

M  .  0  1  8 


,w3S  ,R?8  .770 
,?1<5  1.385  .  1  ?7 
.083 


,  R  !50  1.321  1.148 

1.147  .313  5,561 
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OMEGA 

TURN 


.074 

.1,948 


OMEGA 

TURN 


.08? 

.2.48* 


PRESSURE  RISE  COEFF I C I  ENT ( P-P 1 ) /Q1 


SUPERSONIC  COMPRESSOR  CASCADE 
ARL  2-D  CASCADE 


1  .OCh 


0  .8CH 


o.eoH 


0.40H 


0.20H 


O.OCH 


-0 . 20i 


-0.4CH 

0 


AIRFLOW 


^  PRESSURE  SURFACE 


O  SUCTION  SURFACE 


O 


A 

o  9  g 


A 

a  0  a,  o 

*  o 


o 


INLET  MACH  NUMBER  =  1  .535 
STATIC  PRESSURE.  RATIO  =  1  .505 
20  40  60  80  100 

PERCENT  CHORD 

1  23 


. . . . .  ■  .J,  . . ^.Mn.',iat^l2luill.l^uiilM^L 


EXIT  filrt  flNSLE  TOT-IL  rR.I5oURE  EX!T 

(DEGREES )  RECOVER*  MOCH  NUMBER 


SUPERSONIC  COMPRESSOR  CASCADE 
ARL  2-0  CflSCPOE 

PROBE  TRAVERSE  BEHIND  BLADE  NO.  3 
AXIAL  PROBE  LOCAT I  ON  .  I NCHES ,  r  0 
CASCADE  INLET  MACH  NUMBER  =  1 
CASCADE  STATIC  PRESSURE  RATIO  =  1 


1  .6Ch 


1  .40- 

< 

1  .20- 
1  .00- 
0  .80- 
0.60- 


Y  0  0  0  <*> 


°  0  O  ^  0  ^  * 


0  0 


0 


0  < 0 


0 


i .  ooa  a 
0.90- 

I 

o.eo- 
G.'JH 
G  .60~* 


A  ^  a  A 


no  i 


6Oi®°c®°oOO00©oooOo°o®0 


50  - 
40  - 
30 


20 


- 1 - 1 - r- 

40  60  80 

PERCENT  PASSAGE 
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Too 


.680 

.535 

.505 
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CASCADE  SCHLIEREN 


SUPERSONIC  COMPRESSOR  CASCADE  SUPERSONIC  COMPRESSOR  CASCADE 

API  2-0  CASCADE  ARL  2-D  CASCADE 
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PRESSURE  RISE  COEFFICIENT! P-PD/Q1 


SUPERSONIC  COMPRESSOR  CASCADE 
ARL  2-0  CASCADE 


AIRFLOW  a  PRESSURE  SURFACE 
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STATIC  PRESSURE,  RATIO  =  1  .686 
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PERCENT  CHORD 
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SUPERSONIC  COMPRESSOR  CASCADE 
ARL  2-0  CASCAOE 

PROBE  TRAVERSE  BEHINO  BLADE  NO.  3 
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SUPERSONIC  COMPRESSOR  CASCADE 
ARL  2-0  CASCADE 


OVERALL  PERFORMANCE 
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CASCADE  SCHLlEREN 
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SUPERSONIC  COMPRESSOR  CASCADE  SUPERSONIC  COMPRESSOR  CASCADE 

ARC  2-0  C ASC ACE  ARC  2-0  CASCADE 
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SUPERSONIC  COMPRESSOR  CASCADE 
ARL  2-0  CASCADE 


OVERALL  PERFORMANCE 


MASS  AVERAGED  EXIT  CONDITIONS 
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SUPERSONIC  COMPRESSOR  CASCAOE 
ARL  2-D  CASCADE 


AIRFLOW  a  PRESSURE  SURFACE 
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SUPERSONIC  COMPRESSOR  CASCADE 
ARL  Z-0  CASCADE 

PROBE  TRAVERSE  BEHINO  BLADE  NO.  3 
AXIAL  PROBE  LOCAT I  ON . I NCHES .  =0.680 

CASCAOE  INLET  MACH  NUMBER  =  1.535 
CASCADE  STATIC  PRESSURE  RATIO  =  1.970 


CASCADE  SCHLIEREN 
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SU*»E«5"*IC  COMPRESSOR  CASCADE  SUPERSONIC  COMPRESSOR  CASCADE 

API  2-D  CASCADE  ARL  2*0  CASCADE 
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SUPERSONIC  COMPRESSOR  TASCAOF. 
APL  2-D  CASCACF 


OVERALL  PERFORMANCE 
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SUPERSONIC  COMPRESSOR  CASCAOE 
ARL  2-0  CASCADE 


AIRFLOW  a  PRESSURE  SURFACE 
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SUPERSONIC  COMPRESSOR  CASCADE 
API  2-0  CASCADE 


OVERALL  PERFORMANCE 


MASS  AVERAGFC  exit  conditions 


PI2/PM 
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SUPERSONIC  COMPRESSOR  CASCADE 
ARL  2-0  CASCAOE 


AIRFLOW 


a  PRESSURE  SURFACE 


EXIT  AIR  ANGLE  TOTAL  PRESSURE  EXIT 

( OEGREES )  RECOVERY  MACH  NUMBER 


SUPERSONIC  COMPRESSOR  CASCAOE 
ARL  2-0  CASCADE 
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SUPERSONIC  COMPRESSOR  CASCADE 
ARL  2-0  CASCADE 


OVERALL  PERFORMANCE 


mass  AVERAGED  FvJT  CONDITIONS 


P) 2/PI  1 

tplp 

BETAK 

PTJ2/PT1 1 
OF 

A  )  2  /  A  )  t 

V52/VM 
DF1  EO 

VJ2/VI1.X 
0  v  I  V 

V12/VI1 ,  V 
RNI  2 

RI2/R) 1 
DPS/01 

T)  2/T1  1 
DEV 

OMEGA 

TURN 

2.076 

.027 

59.792 

.889 

.455 

.908 

.646 

1 .834 

,676 

.310 

.635 

1.014 

1,629 

.652 

1.274 

1.421 

.150 

1.656 

OVERALL  PERFORMANCE 

MixEr 
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A  )  ?  /  A  )  1 

V) 2/VI J 
OFJ  EO 

VJ2/VI 1  ,X 
DV)  Y 
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PRESSURE  RISE  COEFFICIENT! 


SUPERSONIC  COMPRESSOR  CRSCRDE 
ARL  2-D  CRSCRDE 

AIRFLOW  a  PRESSURE  SURFRCE 
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INLET  MRCH  NUMBER  =  1.535 
STATIC  PRESSURE  RATIO  =  2.076 
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PERCENT  CHORD 
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EXIT  AIR  ANGLE  TOTAL  PRESSURE  EXIT 

(DEGREES)  RECOVERY  MACH  NUMBER 
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CASCADE  SCHLIEREN 


APPENDIX  E 

CASCADE  PERFORMANCE  DATA 
MN) 1  =  1.616 


P ) 2/ P) 1  =  1.220 
P) 2/P) 1  =  1.468 
P) 2/ P ) 1  =  1.672 
P ) 2/ P ) 1  =  1.870 
P)2/P)l  =  2.036 
P ) 2 / P ) 1  =  2.097 
P) 2/ P) 1  =  2.220 
P ) 2/ P ) I  =  2.300 
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I DEGREES )  RECOVERY  MACH  NUMBER 
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SUPERSONIC  CfiPPPESSm*  r.ASCADE 
AOL  2-0  CASCAPF 
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6ETA1  c 
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MASS  AVEPAGFO  F  V  I T  CONDITIONS 


PT)?/PT1  1 
OF 
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vi 2/vi 1 
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VI  ?/V)l  , X 
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V  1  2  /  V  )  1  ,  Y 
KN1  2 
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.81  ? 
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OVERALL  P^PF  OF  MANIC  E 


M  I  V  E  o  f;XTT  P  0  N  D  T  T  I  r  N  s 
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1,147  ,376 


1  Q  r 
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DEV 


1.178 

5.952 


T52/T5  1 
DEV 


1 .  185 
ft. 566 


lo/nd-cm 


iU|ir  'I  IEM 


SUPERSONIC  COMPRESSOR  CASCADE 
ARL  2-0  CASCADE 


PRESSURE  SURFACE 


0  SUCriON  SURFACE 


5  0  A 

A  *  0  m 

A  "  0  0 


INLET  MACH  NUMBER 
STATIC  PRESSURE  RATIO 


l  .611 
.671 


EXIT  AIR  ANGLE  TOTAL  PRESSURE  EXIT 

l DEGREES)  RECOVERY  MACH  NUMBER 


SUPERSONIC  COMPRESSOR  CASCADE 
ARL  2-0  CASCAOE 

PROBE  TRAVERSE  BEHIND  8LADE  NO.  3 
AXIAL  PROBE  LOCATION. INCHES.  =0.680 
CASCAOE  INLET  (1ACH  NUMBER  =  1.615 
CASCAOE  STATIC  PRESSURE  RATIO  r  1,672 


PERCENT  PASSAGE 
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SUPERSONIC  COMPRESSOR  CASCADE 
ARl  2-D  CASCADE 


OVERALL  PERFORMANCE 


MASS  AVERAGED  EXIT  CONDITIONS 


P) 2/P)l 
TPIP 
BETA) C 

P  T )  £  /  P  T )  1 
DP 

A )  2  /  A )  l 

V)  2/VM 
DF)  Efi 

V  )  2 / V)  1  ,  X 
OV)  V 

V) 2/V)  1  ,  Y 
RN)  2 

R)  2/R)  1 
DPS/01 

T)  2/T)  1 
DEV 

omega 

TURN 

1.070 

.715 

62,336 

,932 

.301 

,906 

,760 

1.526 

.721 

.188 

.776 

1.136 

1.532 

.470 

1.220 

4,234 

.089 

-1.907 

OVERALL  PERFORMANCE 

MIXED 

EXIT  conditions 

P) 2/P )  1 
TPLP 
BETA5C 

PT)2/PT) 1 
DF 

A) 2/A) t 

V) 2/V)  1 
OF)  EQ 

V ) 2  /  V )  1  ,X 
DV)  Y 

V) 2/V) 1 ,Y 
PN)  2 

R) 2/R)  1 
DPS/01 

T) 2/T)  1 
DEV 

OMEGA 

TURN 

1,877 

,010 

02,179 

,926 

,306 

.921 

.756 

1.336 

.728 

.190 

,775 

1.127 

1,534 

.480 

1,224 

4.621 

.097 

-2.294 
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tUttM-A.M.*!,.. . . am, itm-..  . . . . 


PRESSURE  RISE  COEFFICIEN 


INLET  MUCH  NUMBER  =  1  .616 
STRTIC  PRESSURE  RRTIO  -  1  >870 
40  60  80  100 
PERCENT  CHORD 
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EXIT  AIR  ANGLE  TOTAL  PRESSURE  EXIT 

IOEGREES)  RECOVERY  MACH  NUMBER 


SUPERSONIC  COMPRESSOR  CASCADE 
ARL  2-0  CASCADE 


l  .40- 


PROBE  TRAVERSE  BEHINO  BLADE  NO.  3 
AXIAL  PROBE  LOCAT I  ON  .  I NCHES  ,  =0.680 

CASCADE  INLET  MACH  NUMBER  =  1.616 
CASCADE  STATIC  PRESSURE  RATIO  =  1.870 


1  .20- 


1  .00- 


0  .80 


0.60 


<!>  <»>  o  o  ^  <J> 
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A  O  ®  A 

o  °  <s>  <♦>  o 


o  .  o 
<2> 


0.90- 


0.80- 


0.70- 


0.60- 


A  A  A  A  a 
A  A  a 


A  A  A  A  A 


A  A 
A 


6O()OO0^(!)0(!)000O0  0O®®0®© 


30  4- 
0 


40  60  80 

PERCENT  PASS ROE 
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APPENDIX  F 
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EXIT  AIR  ANGLE  TOTAL  PRESSURE  EXIT 

(DEGREES)  RECOVERY  MACH  NUMBER 
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PROBE  TRAVERSE  8EHIN0  BLAOE  NO.  3 
AXIAL  PROBE  LOCATION . INCHES ,  =0.680 

CASCADE  INLET  MACH  NUMBER  =  1.683 
CASCAOE  STATIC  PRESSURE  RATIO  =  1.982 
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ovfrall  performance 


MASS  AVERAGED  e y I T  CONDITIONS 
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AIRFLOW 


*  PRESSURE  SURFACE 


©  SUCTION  SURFACE 


INLET  MACH  NUMBER  =  1  .683 
,  STATIC  PRESSUREi  RATIO  =  2.230 
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APPENDIX  G 

LASER  VELOCIMETER  DATA  -  CASCADE 
TRAVERSE  PLANES  A-A1 ,  B-B1 ,  C-C 
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1  AND  D-D1 
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TABLE  XVI  I  I 

LASER  VELOCIMETER  DATA  FOR  INTERPASSAGE  TRAVERSE  PLANE  B-B 
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TABLE  XIX 

LASER  VELOCIMETER  DATA  FOR  INTERPASSAGE  TRAVERSE  PLANE  C-C' 
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Cascade  inlet  operating  conditions  are  presented  in  Table  VII 

Traverse  plane  C-C'  is  located  1,651  inches  downstream  of  the  leading  edge  plane  In  the 
chordwise  direction  (60.4%  chord)  as  shown  in  Figure  14 

LV  data  obtained  using  0.3  micron  mean  diameter  alumina  seed  material 
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Cascade  Inlet  operating  conditions  are  presented  in  Table  VII 

Traverse  plane  0*0’  Is  located  2.688  Inches  downstream  of  the  leading  edqe 
plane  In  the  chordwise  direction  (98.36%  of  chord)  as  shown  in  figure  1 4 

LV  data  obtained  using  0.3  micron  mean  diameter  alumina  seed  material 
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LASER  VELOCIHETER  DATA  FOR  CENTERLINE  TRAVERSE  OF  CASCADE  PASSAGE  NO 
STATIC  PRESSURE  RATIO  -  1 .A68 


ID 

C  — 

O  xm 
<  Ol 
4-J  0> 

u  •  »- 

gaiu.  cr» 
u  a>  ai 
a:  o 

U,  Q  I  — - 


LAO  CM  CAOOCOvO^O  lD  CA  LA  CM  eg  LA  LA  LA  LA  LA  LA  LA 

(ACACACACACAOCOOOCOCOCO  r^COCOCOCOOOODCOCO 
LA  LA  i  A  I A  LA  LA  \0  LA  LA  LA  LA  LA  LA  LA  LA  LA  LA  LA  LA  LA  LA 


CA  —  J  vD  N  -  (A  CO  CA  CA  O  N  N  N  vO 

-rgiANN4lANO<NLA(^LDff\^ 
O''  CO  CO  CO  CA  CD  CA  CA  (A  vD  LA  LA 

rAcACACACACACArAcArArACArACA 


vO 

LA 

CA 

CA 

o 

— 

eg 

rA 

CD 

LA 

r^. 

O 

00 

lD 

tvi 

lO 

r>» 

LA 

An 

CA 

vO 

<N 

vD 

LA 

vO 

CO 

eg 

v£> 

LA 

vO 

o 

CD 

LA 

r*>. 

CA 

LA 

■3- 

(A 

LA 

LA 

LA 

CO 

CD 

CO 

CO 

LA 

CD 

CO 

Pn, 

v£> 

p-n 

CO 

r-« 

OD 

CO 

CO 

l0 

LA 

LA 

►— 

CM 

z 

Z 

z 

_ 

Z 

Z 

Z 

z 

z 

z 

z 

z 

z 

z 

LACOOvO  LArACAAJ 


CA  CA  *“  LAvDO  IA  CO  N 


'DMvOJ‘OCONLA-v04  O  LA  N  UD  ra  CD  -J  CA  CD 

f^(AOOCACOO<NCNCsj  —  rA-3"  rACgcgcgcg  —  OO 

v£>vO  n  n  vd  v£i  r^r^f^r^r^r^.r^r^A^A.r^r^Avr^r>- 


4> 

C 

>s 

J  U  o  U 
—  C  <J 
C  U  Ow 
0)  O  CL"v 

o;  •—  E  *-» 

L-  <u  0  u. 
O  >  O  w 


—  rsifAvDLAlN-yrAOr^LA—  J- 


LA  CA  r^.  j-  CA  o  f>* 


LO  CO  N  -J  Lf  CD  CO  J  lO  CA  LA  LA  A*  LA  vO  CO  A'  CO  LA  — 

CM  CM  -7  LA  LA  LA  ~  -7-7  rAAVrAfAFA-y-y-T  CA  AJ  <N  CM 

CA  CA  CA  CA  CA  (A  O  CACACACACACACACACACACACACACA 


O  lj 
C  X 

-  LMI  u 

-j—  c  o» 

U  C  LA 

a>  o  a->. 

-  a  8  u 
<o  >  o  w 


—  rArwoCA-JCD^OOvDlArM^  (*>  *•  CO  A  LA  lD  O 

NOCnO\-JNOCr\4  C'-cgoOr'ACA^Ai  —  ^  'D  -j 
lD  CO  CA  CA  05  CO  o  Al  ca  eg  —  N  N  -  O  CA  CA 

CACACACACACAOO  OOOOOOOOOOOCACA 


C  3  4J 

o>  cn  o> 


0) 

c 

CA 

LA 

A* 

CO 

o 

CJ 

•J- 

l_ 

c 

nj 

CA 

vO 

CA 

eg 

vO 

CA 

eg 

<0 

s 

01 

CO 

LA 

CA 

o 

An 

LA 

w> 

X 

O 

o 

— 

eg 

CA 

CA 

-3- 

c 

c 

— 

— 

— 

*— 

— • 

o 

o 

•— 

w» 

L. 

4-» 

*” 

u 

*D 

0> 

E 

c 

C 

o 

fD 

CA 

u 

— 

• 

a 

o 

cn 

C 

o 

C7> 

•— 

c 

~t 

J- 

-J 

~T 

-3- 

u 

•— 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

id 

a> 

Lrt 

00 

00 

CO 

00 

CO 

CO 

00 

> 

3 

• 

• 

• 

0) 

0) 

o 

o 

o 

o 

o 

o 

o 

a 

L. 

T> 

0 

01 

C 

*-» 

CJ 

•— 

0) 

L/1 

ID 

LJ 

c 

■5 

X 

*_ 

X) 

O 

L. 

o> 

o 

fl> 

•o 

X 

L-) 

CD 

u 

ID 

—  <M  CA  -Ct  LA  lO  N  CO  CA 


O  —  eg  ca  J-  lAvOA^COCAO 
_  _  ^  --eg 

LULUUJUJUjUJUJUJUJUJUJ 


<D  X  > 
O  ►—  -J 


TABLE  XXII 


ft) 

ox  ** 

—  <X  D 

d 

U  •  w. 
J  D  4-  cr> 
O  u  a;  <0 

~  —  CC  Q 
U.  Q  I  *— 


00  CO  ^  N 


-oof^'-NirivD^oor>'Ncn 


o  o  o  o  o  o  o 
vO  40  vO  vO  vO  \0  vO 


aNcr\CTNCO0N<7NcrN0N0NCTNa\crv0NjN 

lAiniAWlAininiAlAlAU>lftlAU> 


r*N 

o 


o 

< 

CO 


c  >---  C0iAinff\-v0wiA\00\40\fl0«nra'-Ni/\'-inN 

IDt^U  •  •••••••• . .  •  • 

<U  (^l/\N>-ODNO’'-0^^'0~Nff\ff\vOfONO 

u  i/i  iAf044,'-coJs>ro»of*\ro'-  ooa%oocor^.r^.r*^r«v 

30">»  mnminnNNNNNNNNN-'-'-'-'-'-'- 
irt-  iJ  »— 

ft)  ft)  ti- 

OC 


4J  *«*  U  Ol4,4,'“04M^OlOl'"W'NWOW4'lAOvnOl 

C  —  ft)  . . . . 

<UUlO  \0^fOOU,)COJNvOl/\CDvOU1'-NincO'OniN'- 

Oi0\  COLONNJ-'-OlAt/linUIJ  fOMNN-'---'- 

c  —  -m  —  —  —  —  oooooooooooooo 

ru  0)  ti-  —  —  e-*— 

l~  >w 


Ui 

a 

< 


< 

uo 


u  u 
—  0) 
•“  uw 
ft)  Os 

lit 


o  4  w  a\  o 


oo  3  m  s  s  n  iaonsoon^onn 


WNNUIIOCON  -  CN  C'l  ON  —  C7\  IA  Lf\  N  rA  <N  ~  —  CO 

vOlA'OlAI/llONmi'ninnilS-'-OOO  Ol  ON  CT)  CO 
vOvOnOvOnOvOnOvOvDvOnOvOvDvDvOvOvO  u\  l/\  UN  UN 


N 
Ui 
CO  I 

cc 

LU  O 
>  — 
<  »- 


ft) 

C  AJ 

.-  >»  c  ^ 
Jw  4)  u 

—  CD 

c  y  O  co 

d  o  a^- 


vOCOlAONCOOONCnCOMCONOvO^  C*\ 


cc  < 

0)  —  C  *-» 

CTN 

h-  cc 

U  D  O  U. 

Ui  Ui 

z  a: 

35 

CC  LO 

Ui  Ui 

O  >  <->««-* 

D  av 

>-  CC 

C  >-C~ 

Z  CL 

—  V  D  U 

3 

Ui 

-J—  C  D 

• 

<->  o 

U  0  on 

CA 

— 

D  O  CL*-- 

LA 

CC  ►- 

D—  f  A-. 

ON 

o  < 

—  D  O  U 

U_  )- 

CO  >  l_>  • — ■ 

r<\  la  O  O  vO 
vO  Lf  UN  LA  <N| 


CTv  3 
CO  CO 


OUNU)ChONvOUN4  P*^  CO  LA  LA  IA 
44J(*NNNNN--'-'-'- 
CDCOCOCOOOCOODCOOOCOOOOOCO 


ONNNOJ'NlAfXrANNNvOUNlACOa-vO- 


OO  VO  CV4 

ro  —  O 


tA  J- 

CTN  CTN 


3— •OvO—  OvOiA3  pa  f*4  O 
ctnocop-*ps-*volala-j333 
COGNCOCOCOCOOOOOCOCOOOCO 


< 

o 


ce 

ui 


5E 

o 

o 


ce 

Ui 


h 

D  0  X> 

L 

3^0 

WN  ft)  .C 

0)  u  o 
D  O 
I-JH 


IN  O  *—  CA  cn 
-  N  UN  CD  -  J 


C\ON4vDOOON-«»NUNN(OON^ 
r*»—  3r>-OcAvOO  to  VO  ON  <N  M)  ON  CM 


v£><*aocouncnop'*«3<nctn403  —  colacaop^la 
^-iN<Mrrvj-iniAvOr*.P>.COaNOO  —  IN  rA  <»N  3 


C  1 

rz  ft) 

♦o  to 
—  ft)  TD 

J- 

3 

3 

3 

3 

3 

.3 

.3 

-3 

•3 

3- 

-3 

3- 

3 

3 

3 

3 

3 

3 

3 

3 

D  0 

AJ  —  L. 

ON 

CTN 

CTN 

CTN 

CTN 

CTN 

CTN 

ON 

CTN 

CTN 

CTN 

CTN 

CTN 

CTN 

ON 

CTN 

ON 

ON 

CTN 

CTN 

CTN 

4  *—  i/i 

C  CO  o 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

00 

00 

CO 

00 

CO 

00 

CO 

o> 

CO 

CO 

CO 

CO 

00 

3  w  Cl 

ft)  x: 

» 

• 

• 

• 

• 

• 

• 

• 

• 

* 

• 

• 

• 

• 

. 

• 

• 

. 

• 

* 

• 

«n  ft)  x: 

on  E  o 

o 

O 

o 

O 

O 

o 

o 

o 

O 

o 

o 

O 

o 

O 

o 

o 

o 

o 

o 

o 

o 

ft)  o  u  c  o 

D  0  c  ftJ  U  CA 


AJ  ft) 

c  u 


04  L 
O-  .- 
4-i  . 

ft)  C  4- 
i-»  D  D 
ft)  X>  CC 
O  — 


o 

Na)ON- 
Ui  Ui  LU  Ui  l 


I  f*>  3 
UJ  Ui  I 


*  co  on  o 

•  —  —  C 4 

Ui  UI  Ui 


o 

z 


n 


317 


Cascade  Inlet  operating  conditions  are  presented  in  Table  VII 
The  chordwise  traverse  plane  is  shewn  in  Figure  14 

LV  data  obtained  using  0.3  micron  mean  diameter  alumina  seed  material 
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Cone  probe  traverse  plane  (Ref.  plane  P-P1  In  Figure  lit)  Is  located  1 .246  inches  downstream  of 
the  trailing  edge  plane  in  the  chordwise  direction 

LV  data  obtained  using  0.3  micron  mean  diameter  alumina  seed  material 


LIST  OF  SYMBOLS 


<  f  > 


Cascade  flow  area,  in 
Cascade  blade  surface  area,  in2 
Cascade  blade  span,  in. 

Cascade  blade  chord,  in. 

Drag  coefficient  (drag  force  referenced  parallel 
to  blade  chord  normalized  by  inlet  dynamic  pressure 
span,  and  chord)  ’ 

Life  coefficient  (lift  force  referenced  perpendi¬ 
cular  to  blade  chord  normalized  by  inlet  dynamic 
pressure,  span,  and  chord) 

Center  of  pressure,  percent  chord  from  blade  leadinq 
edge  3 

Diffusion  factor 

Discrete  cascade  exit  data  to  be  mass -ave raged 

Mass  averaged  variable 

Force  exerted  on  cascade  blades,  lbs 

Force  coefficient  (blade  force  normalized  by 
in.et  dynamic  pressure,  span,  and  chord) 

Gravitational  constant,  32.175  ft/sec2 

Incidence  angle,  degrees 

Ratio  of  specific  heats,  k  =  1.4 

Mass  flow  rate  per  passage  per  inch  span, 
lbs/sec-in. 

Moment  exerted  on  blade  about  leading  edge,  lb-in. 

Moment  coefficient  (moment  exerted  on  blade  about 
leading  edge  normalized  by  inlet  dynamic  pressure 
span,  and  chord  squared) 


LIST  OF  SYMBOLS  (Continued) 


Reynolds  number  based  on  blade  chord 


Static  pressure,  psia 


Static  pressure  ratio 


Total  pressure  ratio 


Total  pressure,  psia 


Dynamic  pressure,  ps i 


Gas  constant,  53.34 


ft-lb 


1  b-  °R 

RMS  deviation  from  the  mean  value 


Blade  spacing,  in. 


Static  pressure  rise  parameter 


Static  temperature,  °R 


Adiabatic  wall  temperature,  °R 
Total  temperature,  °R 
Flow  velocity,  ft/sec 
Flow  velocity  change,  ft/sec 


Distance  in  axial  direction,  in. 


Distance  in  tangential  direction,  in. 


Flow  angle,  angle  between  flow  velocity  and 
axial  direction,  degrees 


Turning  angle,  degrees 


Stagger. ang le,  angle  between  blade  chord  and 
axial  direction,  degrees 


Deviation  angle,  degrees 


Compression  or  expansion  of  nozzle  flow  field  by 
cascade  wedge,  degrees 


- - - - - - - - - - - 


LIST  OF  SYMBOLS  (Continued) 


0TS 

0 

w 

K 

P 


v 

P 


Test  section  angle,  angle  between  wind  tunnel 
axis  and  tangential  direction,  degrees 

Wedge  angle,  angle  between  wedge  surface  and 
axial  direction,  degrees 


Angle,  degrees 
Dynamic  viscosity,  se"g 


Kinematic  viscosity, 
Flow  density,  lb/ft^ 


sec 


i /)  Conical  probe  angle,  angle  between  probe  centerline 

p  and  tangential  direction,  degrees 

w  Total  pressure  loss  coefficient 


co 

P 


Total  pressure  loss  parameter 


Subscr i pts : 

0  Nozzle  exit  condition 

1  Cascade  exit  station 

A  Ar i thmet i c  mean 

C  Calculated  from  continuity  equation 

eq  Equivalent 

F  Force 

FS  Freestream  condition 

i  Reference  position 

ID  Ideal 


ML 

P 

PS 

R 

ss 

TE 

X 

Y 


LiST  OF  SYMBOLS  (Continued) 

Mean  1 i ne 
Probe 

Pressure  surface 
Resultant  force 
Suction  surfaca 
Trailing  edge 
Axial  d i rect i on 
1 angent i al  d i rect i on 
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